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-y-  PREFACE  TO  THE  FOURTH  EDITION. 

SINCE  the  first  appearance  of  this  work,  in  1911,  such  remark- 
able advances  have  been  made  in  the  design  of  automobile 
gasoline  engines  and  in  their  production  that  it  has  been 
found  necessary  to  largely  re-write  the  text  for  the  present  edi- 
tion. Various  branches  of  the  subject  have  been  further  elab- 
orated and  a  new  chapter  on  water-cooling  systems  has  been 
added.  It  was  the  original  intention  not  to  incorporate  in  this 
volume  a  treatment  of  the  so-called  engine  accessories,  such  as 
carburetors,  ignition  appliances,  etc,  partly  because  their  inclu- 
sion would  have  unduly  extended  the  scope  and  size  of  the 
volume  and  partly  because  these  accessories  almost  invariably  are 
designed  by  specialists  and  not  by  car  designers,  and  can,  there- 
fore, be  treated  more  handily  in  separate  Tolumes.  In  the  mean- 
time the  subject  of  electrical  equipment  has  been  dealt  with  in 
two  or  three  books  of  a  semi-technical  character,  and  a  number 
of  technical  worics  on  carburetors  have  also  appeared.  On  the 
other  hand,  the  cooling  system  does  not  lend  itself  so  well  to 
treatment  in  a  separate  work,  because  the  various  parts  of  which 
it  is  composed  are  not  all  the  product  of  one  particular  industry. 
The  proportioning  and  general  design  of  the  various  elements 
'of  the  cooling  system  devolve  upon  the  car  designer,  and  a  treat- 
ment of  the  subject  is,  therefore,  properly  included  in  this  volume, 
which  is  addressed  to  automobile  and  gasoline  motor  engineers 
and  those  who  aspire  to  membership  in  these  professions. 

One  difficulty  that  was  met  with  in  preparing  this  revised  edi- 
tion was  the  increasing  deviation  in  pleasure  car  and  motor 
truck  engine  practice.  Of  course,  the  underlying  principles  of 
both  types  of  engines  are  the  same,  but  it  has  been  attempted  in 
this  volume  to  go  a  little  further  than  merely  presenting  basic 
principles,  by  giving  rules  and  constants  of  design  wherever  pos- 
sible, and  to  illustrate  principles  by  representative  examples. 
Now  that  pleasure  car  engines  run  at  about  2,000  feet  piston 
speed  per  minute  and  truck  engines  at  little  over  one-half  this 
speed,  it  is  difficult  to  give  single  examples  representative  of  all 
classes  of  automobile  engines.  If  pleasure  car  engine  and  truck 
.  engine  developr"^'  continue  to  follow  widely  divergent  lines  it 
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may  be  found  advantageous  in  the  future  to  deal  with  each  class 
separately,  but  in  the  present  volume  the  author  has  endeavored 
to  cover  the  whole  subject  together  as  well  as  possible. 

Among  the  chapters  which  have  been  completely  re-written 
for  the  present  edition  is  that  on  engine  balance.  Not  only  has 
thi*  subject  greatly  increased  in  importance  with  the  remarkable 
increase  in  engine  speed  and  the  appearance  of  eight  and  twelve- 
cylinder  engines,  but  further  study  after  the  publication  of  the 
first  edition  rendered  the  subject  much  clearer  in  the  author's 
mind  and  permitted  of  a  more  systematic  treatment.  All  of  the 
turning  moment  diagrams  for  engines  with  different  numbers  of 
cylinders  also  have  been  redrawn  to  correspond  to  a  higher  pis- 
ton speed  and  less  weight  of  reciprocating  parts ;  in  other  words, 
to  bring  them  into  better  acord  with  modem  pleasure  car  practice. 

Aluminum  pistons  have  been  given  due  consideration  in  the 
revision,  and  some  space  has  been  devoted  to  tubular  connecting 
rods,  though  the  latter  at  the  present  moment  are  not  extensively 
used.  Another  new  addition  to  the  chapter  on  connecting  rods  is 
that  relating  to  forked  rods  for  V  engines.  The  chapter  on 
crankshafts  has  also  been  almost  completely  re-written,  this  hav- 
ing been  made  necessary  by  the  changing  practice  in  respect  to 
the  size  of  crankshaft  employed  in  engines  of  certain  cylinder 
dimensions  and  the  adoption  of  eight  and  twelve-cylinder  engines 
in  pleasure  car  practice. 

Probably  the  most  important  new  matter  in  the  present  edition 
is  that  relating  to  the  mechanics  of  the  various  types  of  cams.. 
The  author  first  saw  solutions  of  the  differential  equations  relat- 
ing to  the  speed  of  lift  and  acceleration  of  the  valve  with  tan- 
gential cams  in  an  article  by  George  S.  Bower  in  Internal  Com- 
bustion Engineering,  London,  of  October  15,  1913.  Since  that 
time,  the  theory  of  action  of  other  cam  forms  has  been  worked 
out,  with  the  result  that  the  spring  pressure  required  with  any  of 
the  commonly  used  forms  of  cams  of  any  dimensions  and  for 
any  weight  of  reciprocating  parts  and  for  any  miximum  speed 
can  now  be  accurately  calculated. 

Owing  to  the  addition  of  the  chapter  on  cooling  and  extensions 
of  many  other  chapters,  the  new  volume  is  considerably  larger 
than  those  of  the  earlier  editions,  and  this,  in  connection  with  the 
heavy  expense  incident  to  the  extensive  revision,  made  it  neces- 
sary tQ  slightly  increase  the  price  of  the  volume. 

The  author  wishes  to  thank  those  of  his  readers  who  have  in- 
formed him  of  errors  in  the  earlier  editions  or  made  suggestions 
with  a  view  to  improving  the  work,  and  he  herewith  solicits  their 
further  kind  co-operation. 


PREFACE  TO   THE   FIFTH   EDITION 

• 

IT  has  not  been  found  necessary  to  make  any  important 
changes  in  the  text  for  the  present  edition,  which  follows 
the  preceding  one  after  an  interval  of  little  more  than  a 
year.  To  make  this  volume  uniform  with  Vol.  II,  the  plates 
have  been  incorporated  in  the  book  itself,  instead  of  being 
bound  separately.  As  the  cuts  are  reduced  from  the  same 
large  size  drawings  as  previously,  and  are  printed  on  coated 
paper,  it  is  believed  that  they  will  prove  equally  useful  as  the 
less  handy  folding  plates. 

During  the  past  year  the  demand  for  the  book  has  greatly 
increased,  partly  owing  to  the  fact  that  it  has  been  introduced 
as  textbook  in  quite  a  number  of  engineering  schools.  This 
has  been  most  gratifying  to  the  author.  Though  otily  auto- 
mobile and  truck  motors  are  dealt  with  directly^  engineers 
in  the  aircraft,  tractor,  marine  motor  and  motorcycle  fields 
also  have  found  the  book  useful  in  their  work. 

Owing  to  the  success  of  the  work  in  the  United  States  and 
the  increasing  appreciation  of  it  in  Great  Britain,  it 'has  been 
decided  to  print  a  special  British  edition.  There  is  no  doubt 
in  the  author's  mind  that  the  present  extensive  use  of  the 
gasoline  motor  in  aircraft,  road  vehicles  and  agricultural  trac- 
tors will  lead  in  Great  Britain,  as  well  as  in  other  countries, 
to  a  more  widespread  engineering  study  of  this  motor  in  the 
future  and  hence  to  a  greater  demand  for  a  work  of  this 
nature. 
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CHAPTER  I. 


THE   WORKING    MEDIA— GASOLINE   AND    AIR. 

The  process  by  which  mechanical  power  is  generated  in 
gasoline  motors  from  the  chemical  potential  energy  of  the 
gasoline  is  substantially  as  follows:  Gasoline  is  mixed  with 
seventeen  to  eighteen  times  its  weight  of  atmospheric  air,  in 
which  it  is  vaporized.  This  explosive  mixture  is  introduced 
into  the  working  cylinders  of  the  motor,  where  it  is  ignited 
and  burned  to  carbonic  acid  gas  and  water  vapor.  The  gases 
thus  formed,  together  with  the  nitrogen  in  the  air  (which 
does  not  take  part  in  the  combustion),  are  heated  to  a  high 
temperature  by  the  heat  of  combustion  of  the  fuel.  In  this 
way  their  pressure  is  greatly  increased  and  they  act  upon  the 
motor  pistons,  imparting  to  the  pistons  a  rectilinear  motion, 
which  by  means  of  the  crank  shaft  and  connecting  rods  is 
transformed  into  rotary  motion.  Gasoline  and  air  are  there- 
fore the  working  media  in  a  gasoline  motor,  and  before  taking 
up  the  study  of  motor  mechanism  it  will  be  well  to  acquaint 
ourselves  with  the  physical  properties  of  these  media. 

Gasoline  is  a  colorless,  mobile  and  relatively  light  liquid 
which  is  produced  from  crude  petroleum  by  fractional  distilla- 
tion. According  to  works  on  the  subject,  gasoline  is  that  por- 
tion of  the  crude  petroleum  which  distills  at  140''  to  isS""  Fahr. 
and  which  has  a  specific  gravity  of  0.636  to  0.70.  The  product 
distilling  at  less  than  140*  Fahr.  is  known  as  chymogene,  and 
that  distilling  above  158*  as  benzine  or  naphtha.  The  latter 
distillates  include  all  products  passing  over  between  158^  and 
338*  Fahr.  At  the  latter  temperature  kerosene  begins  to 
distil  over.  In  recent  years,  as  the  demand  for  gasoline  has  in- 
creased, the  refiners  have  marketed  heavier  and  heavier  products 
and  the  greater  part  of  the  automobile  fuel  now  used  ranges 
above  the  higher  density  limit  of  the  above  definition  for  gasoline. 

Gasoline  is  a  mixture  of  various  hydrocarbon  compounds,  all 
belonging  to  the  same  series,  known  as  the  paraffin  series.  The 
f;rincipal  ones  of  these  compounds  are : 
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Pentane,  CsHu 
Hezane,  CeH|4 
Hoptan6,  CyHj^ 

There  are  several  others,  both  lighter  and  heavier  than  those 
mentioned,  the  general  chemical  formula  being 

The  chemical  diagram  of  hexane  is  shown  below: 

H  H  H  H  H  H 


iimt" 


and  the  diagrams  for  the  other  members  of  this  group  are 
quite  similar. 

The  most  important  physical  qualities  of  gasoline  are  evi- 
dently its 

Density  or  specific  gravity. 

Coefficient  of  heat  expansion. 

Latent  heat. 

Vapor  tension. 

Vapor  density. 

Viscosity. 

Calorific  or  heat  value. 

The  specific  gravity  is  the  ratio  of  the  weight  of  a  certain  vol- 
'ume  of  gasoline  at  60^  Fahr.  to  the  weight  of  the  same  volume 
of  water  at  39*  Fahr. 

The  coefficient  of  heat  expansion  is  the  proportional  increase 
in  volume  per  degree  Fahr.  as  compared  with  the  volume  at  60* 
Fahr. 

The  latent  heat  is  the  amount  of  heat  required  to  transform  one 
pound  of  liquid  gasoline  into  a  dry  saturated  vapor  from  and  at 
the  boiling  point. 

The  vapor  tension  is  perhaps  best  explained  by  stating  that  if 
gasoline  is  placed  in  a  closed  vessel  and  heated,  the  pres- 
sure observed  while  the  gasoline  is  at  any  particular  tem- 
perature is  the  vapor  tension  corresponding  to  that  temperature. 
This  pressure  is  counted  from  zero  pressure,  or  is  equal  to  the 
gauge  pressure  plus  14.7  pounds  per  square  inch.  The  vapor 
tension  is  equal  to  atmospheric  pressure,  or  14.7  pounds  per 
square  inch,  at  the  boiling  point  of  the  liquid  in  the  atmosphere. 

The  vapor  density  is  the  ratio  of  the  weight  of  a  certain  volume 
of  dry  gasoline  vapor  to  the  weight  of  an  equal  volume  of  dry 
atmospheric  air  at  the  same  pressure  and  temperatrre. 

The  viscosity  is  that  quality  which  determines  the  rapidity  of 
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flow  of  the  gasoline  through  a  given  size  of  tubular  outlet  under 
a  certain  head  of  pressure.  The  amount  of  fluid  passing  through 
a  small  tube  of  a  length  relatively  large  in  proportion  to  its  bore 
is  inversely  proportional  to  the  viscosity. 

The  calorific  or  heat  value  is  the  amount  of  heat  liberated  upon 
burning  the  gasoline  in  an  excess  of  air  or  oxygen.  It  is  ex- 
pressed in  British  thermal  units.  One  British  thermal  unit  is  the 
amount  of  heat  required  to  raise  one  pound  of  water  from  39**  to 
40*  Fahr.  The  British  thermal  unit  is  equal  to  772  foot  pounds. 
(778.1  according  to  the  most  recent  determinations.) 

It  will  be  understood  from  the  start  that  since  gasoline  is 
not  a  definite  chemical  compound,  but  a  mixture  of  several  such 
compounds  in  varying  proportions,  the  various  properties 
cannot  be  given  with  absolute  accuracy.  The  properties  of 
the  constituent  compounds  are  well  known,  however,  and 
some  of  them  are  given  in  the  following  table: 

Specific  Vapor 

Gravity.  Density. 

.640  3.538 

.676  3 -053 

.7»8  3-547 

The  different  grades  of  gasoline  are  usually  distinguished 
by  their  density.  It  has  already  been  stated  that  the  specific 
gravity  of  gasoline  (the  ratio  of  the  weight  of  a  certain  vol- 
ume of  it  to  the  weight  of  the  same  volume  of  water  at  39* 
Fahr.)  varies  between  0.636  and  0.700.  It  is  customary,  how- 
ever, to  express  the  density  in  terms  of  the  Baume  scale,  and 
in  order  to  enable  the  reader  to  readily  convert  Baum6  de- 
grees into  specific  gravities,  and  vice  versa,  a  conversion 
table  covering  that  portion  of  the  Baum6  scale  which  can  pos- 
sibly be  of  use  in  this  connection  is  given  below: 

BAUME-SPECIFIC    GRAVITY    CONVERSION    TABLE. 

Batting  Degrees.  Specific  Gravity.       Baum*  Degrees.  Specific  Gravity. 

69 706 

70 70^ 


Per  Cent  of 

Per  Cent  of 

BoUing 

Name. 

Carbon. 

Hydrogen. 

Point— Fahr. 

Pentane    • . 

...     83 • 'O 

16.71 

87 

Hexane     • . 

...    83.68 

16.32 

143 

Heptane    . . 

...     83.90 

26.04 

16s 

56 755 

57 751 

58 7^7 

59 743 

60 739 

61 735 

62 731 

63 7»7 

64 7*4 

65 7*0 

:6 717 

*7 713 

68 709 


71 699 

72 695 

73 69a 

74 689 

75 ^5 

76... 68j 

77 *7f 

78 671 

79 •?• 

80 CiC9 
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The  Baume  and  specific  gravity  scales  are  connected  by  the 
following  two  equations: 

Spec.  Gr.  =__^_  at633''  Fahr. 
130  +  Deg,  B 

Since  the  standard  temperature  for  making  density  tests  of 
gasoline  is  60**  Fahr.,  instead  of  63.5*,  0.002  is  added  to  the 
specific  gravity  corresponding  to  any  degree  Baume  as  calculated 
by  means  of  these  equations. 

The  density  of  gasoline  is  determined  by  means  of  an 
hydrometer,  and  the  proper  temperature  at  which  to  make 
the  test  is  60**  Fahr.  The  reason  for  this  is  that  gasoline, 
like  all  other  substances,  expands  when  heated  and  contracts 
when  cooled.  If,  therefore,  it  is  tested  at  a  temperature 
either  much  greater  or  much  less  than  6o*,  the  reading  ob- 
tained will  be  incorrect  and  a  correction  factor  must  be 
applied.  The  specific  gravity  will  naturally  be  less  at  higher 
temperatures  and  jg^reater  at  lower  temperatures.    If 

dt  =  density  at  **  F. 
dm  =  density  at  60**  F. 

dt  =^[(i  — aW  — 60)], 

a  being    the    coefficient    of    expansion.      According    to    tests 
made  by  Dr.  W.  Watson, 

a  :=  0.00086  for  pentane, 
a «=  0.00074  for  hexane, 
a  =  0.00055  ^or  heptane, 

a  s=  0.0007    for  gasoline  (average  of  nine  aemplea  of  different 
density.) 
Consequently  we  may  write  for  ordinary  gasoline 

d%  =<f^[^i — o.ooo7(/  —  60)  J 

In  ordinary  commercial  practice  it  is  convenient  to  express 
the  specific  gravity  of  gasoline  to  two  decimal  points,  and 
since  it  usually  ranges  arotmd  0.72,  and  the  coefiBcient  of  ex- 
pansion 0.0007  is  equal  to     xin  •  ^  takes  a  variation  of  tem- 


perature of    mJt^     =20^   Fahr.   (approximately)   to  effect  a 
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change  of  "one  point"  in  the  density  or  specific  gravity  o{ 
the  gasoline. 

Gasoline  vaporizes  readily  at  ordinary  atmospheric  pre:;* 
sures  and  temperatures,  and  it  draws  its  heat  of  vaporization 
from  the  surrounding  air.  Little  is  therefore  said,  as  a  rule, 
regarding  its  latent  heat  or  heat  of  vaporization.    It  is  known* 
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however,  that  for  an  average  gasoline  of  0.70  specific  gravity 
this  amounts  to  140  British  thermal  units  per  pound,  as  com- 
pared with  965.7  British  thermal  units  for  water.  The  specific 
heat  of  the  liquid  gasoline  is  045. 

Gasoline  of  76*  Baum6  has  a  vapor  tension  of  2.53  pounds 
per  square  inch  at  50*  Fahr.,  and  for  other  temperatures  this 
tension  may  be  found  by  the  following  adaptation  of  Ran- 
kine's  formula: 

.     ,          ^       1770     377.000 . 
log  /  =  5.264 — J, -fr-  • 

where  /  is  the  vapor  tension  in  pounds  per  square  inch  and  T  the 
absolute  temperature  Fahr.  The  vapor  tension  at  a  given  tem- 
perature is,  of  course,  different  for  different  grades  of  gasoline. 

Gasoline  vapor  has  a  high  density,  and  when  gasoline  is 
spilled  on  a  floor  the  vapor  from  it  will  remain  near  the  floor 
and  spread  rapidly  to  a  considerable  distance.  The  average 
vapor  density  is  3.25;  that  is,  at  a  given  temperature  and  pres- 
sure, a  unit  volume  of  gasoline  vapor  weighs  3.25  times  as 
much  as  a  unit  volume  of  air.  >  The  density  of  hexane  vapor 
is  three  times  that  of  air.  The  weight  of  unit  volume  of  atmos- 
pheric air  at  given  temperatures  will  be  given  later  oh,  and 
from  it  the  weight  of  gasoline  vapor  at  different  temperatures 
can  be  calculated. 

Tests  to  determine  the  viscosity  of  various  grades  of  gasoline 
and  the  change  of  the  viscosity  with  the  temperature  have  been 
made  by  J.  S.  G.  Thomas  and  Dr.  W.  Watson,  and  their  results  are 
given  in  an  appendix  to  a  paper  by  I^r*  Watson  on  'Thermal  and 
Combustion  Efficiency  of  a  Four  Cylinder  Petrol  Motor,"  which 
is  published  by  the  Incorporated  Institution  of  Automobile  Engi- 
neers (London).  The  following  data  are  taken  from  that  paper: 
The  viscosity  is  expressed  in  C.  G.  S.  units,  but  the  figures  are 
directly  applicable  to  apparatus  constructed  according  to  English 
measures  by  means  of  the  following  formula:  The  weight  of 
gasoline  of  density  A  which  will  flow  in  /  seconds  through  a  fine 
tube  of  diameter  d  inch  and  length  /  inch  (/  being  great  compared 
to  r)  when  driven  by  a  head  H  inches,  is 

wss £^- pounds, 

where  A  is  the  density  or  specific  gravity  of  the  gasoline;  H  the 
head  in  inches;  d  the  diameter  of  the  tube  in  fractions  of  an 
inch ;  /  the  time  in  seconds ;  /  the  length  of  the  tube  in  inches  and 
9  the  viscosity. 


f 


6  THE  WORKING  MEDIA. 

VISCOSITY  OF  GASOLINE. 

Density  Viscosity  at-  ■ 

at  15°  C.  5«»  C.  i5«»  C.  as*  C. 

0.680* 0.00376  0.00342  0.00319 

0.684  0.00380  0.00352  0.00332 

0.704  0.00406  0.00380  o. 00359 

0.707 0.0044s  0.00420  0.00398 

0.714 0.00431  0.00404  0.00385 

0.719  0.00445  0.00420  0.00398 

0.720  « 0.00450  0.00421  0.00400 

0.721  0.00454  0.00421  0.00400 

0.725  0.00486  0.00454  0.00430 

»  ■■■■  " 

*  Hexane. 

It  will  be  observed  that  with  a  few  exceptions  the  viscosity  in- 
creases uniformly  with  the  density,  and  it  in  every  case  decreases 
uniformly  as  the  temperature  increases. 

The  calorific  value  of  gasoline  varies  slightly  Vith  the  com- 
position, but  for  practical  purposes  sufficient  accuracy  will  be 
insured  by  taking  it  as  19,000  B.  T.  U.  per  pound.  The  lower 
heating  values,  as  determined  by  a  Junker  or  similar  calorimeter, 
are  somewhat  lower,  and  those  of  the  three  simple  compounds 
found  in  gasoline  are  as  follows  (according  to  Dr.  Watson) : 
Pentane,  18,410  B.  T.  U.  per  pound;  hexane,  18,770;  heptane, 
18,720.  It  will  then  be  seen  that  the  differences  are  very  slight, 
but  the  differences  are  appreciable  when  the  heat  units  per  gal- 
lon are  considered,  owing  to  the  difference  in  specific  gravity. 

Atmospheric  Air— Dry  atmospheric  air  is  composed  of  ^^ 
parts  by  weight  of  nitrogen  and  23  parts  by  weight  of  oxygen. 
The  air  is  capable  of  holding  in  suspension  considerable 
amounts  of  water  vapor,  which  have  the  effect  of  a  diluent. 
In  reality  the  atmosphere  contains  small  quantities  of 
other  elements,  but  they  are  of  no  consequence  in  the  opera- 
tion of  a  gasoline  motor  and  may  be  neglected.  The  oxygen 
of  the  air  combines  with  the  elements  of  the  fuel  to  form  new 
compounds,  while  the  nitrogen  does  not  take  part  in  the  com- 
bustion. It  may  be  stated  that  at  ordinary  atmospheric  pressure 
(29.92  inches  of  mercury)  air  at  a  temperature  of  32  degrees 
Fahr.  weighs  0.0807  pound  per  cubic  foot  Air  expands  1-491  of 
its  volume  at  32  degrees  Fahr.  for  every  d^^ree  Fahr.  increase 
in  temperature. 

We  are  now  in  position  to  make  a  calculation  of  the  amount 
of  air  required  to  burn  a  certain  quantity  of  gasoline.  For  the 
sake  of  simplicity  we  will  assume  that  this  gasoline  consists 
solely  of  hexane  ((^Hm).  Since  the  proportion  of  hydro- 
gen and  carbon  in  other  hydrocarbon  compounds  is  very  nearly 
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the  same,  and  since  hexane  is  the  chief  constituent  of  all  gaso- 
lines of  a  density  near  0.70,  this  assumption  is  justified.  Carbon 
has  an  atomic  weight  of  12  and  hydrogen  of  i,  hence  the  pro- 
portions by  weight  of  the  two  elements  in  gasoline  (hexane)  are 

6X12^72  parts  of  carbon  to 
14  X  I  =  14  parts  of  hydrogen, 
or  expressing  the  proportions  on  a  percentage  basis, 

83.72  per  cent  of  carbon 

16.26  per  cent  of  hydrogen. 
When  there  is  plenty  of  air  mixed  with  the  gasoline,  on  igni- 
tion the  carbon  of  the  fuel  will  combine  with  the  oxygen  of 
the  air  to  form  carbon  dioxide  gas  (COa)  and  the  hydrogen 
will  combine  with  the  oxygen  of  the  air  to  form  water  vapor 
(HaO).  Remembering  that  oxygen  has  an  atomic  weight  of 
16^  we  may  write  the  reactions  as  follows : 

zaC-{- 320  =  44  CO, 
2H+x60  =  i8H,0 

The  coefficients  in  each  of  these  equations  show  the  weight 
proportions  in  which  the  elements  combine.  Now  let  us  take  one 
pound  of  gasoline.  We  then  have  0.837  pound  carbon  and  0.163 
pound  hydrogen,  and  by  using  the  proportions  given  in  the  above 
equations  we  can  find  the  quantities  of  oxygen  required  for  the 
combustion  of  this  carbon  and  hydrogea 

0.837  C  +  (H)  0.837  O  =  (Hi  0.B37  COb 
o.  163  H  H-  ( V)  o.  X63  O  =  (V)  o.  X63  H^ 
Carrying  out  the  multiplications  we  obtain 

0.837  C  +  2.2x6  O  =  3.053  CO, 
o.x63H-fx.302  0  =  X. 46511,0 

Total  Oxygen  required      3*5x8 

But  we  saw  above  that  this  oxygen  is  mixed  in  the  atmos- 
phere with  nitrogen  in  the  proportion  of  23:77;  consequently, 
3<5x8  pounds  oxygen  is  mixed  with  HX  3.518"!  1.774  pounds 
nitrogen  or  is  contained  in  W  X  3.518=15.3  (approx.) 
pounds  of  air.  Therefore  one  pound  of  gasoline  (hex- 
ane) theoretically  requires  15.3  pounds  of  atmospheric  air 
for  its  complete  combustion.  The  process  of  combustion 
in  the  gasoline  engine  may  therefore  be  written  in  chemical 
terms  as  follows: 

X  ponnd  gaaoline     +     X5.3  pounds  air 

0.837  C  +  O.X63H  3.518  0-1-XX.774N 

=  3.053  CQ,-1-  X.465  H,0+  XX.774 N. 
Since  the  mixture  of  gasoline  vapor  and  air  is  never  perfectly 
hcMnogeneous  it  is  always  advisable  to  have  a  slight  excess  of 
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air  in  the  mixture,  from  i8  to  20  times  the  weight  of  the  gaso- 
line. If  insufficient  air  is  present  the  hydrogen  will  burn  first, 
and  then  a  portion  of  the  carbon  will  bum  to  carbon  dioxide 
(C0»)  and  the  rest  to  carbon  monoxide  (CO).  The  com- 
bustion to  carbon  monoxide  not  only  gives  off  a  much  smaller 
amount  of  heat,  but  carbon  monoxide  is  a  very  poisonous  gas 
and  makes  a  foul  exhaust. 

The  higher  heat  value  is  the  amount  of  heat  obtained  by  burn- 
ing one  pound  of  gasoline  in  air  and  cooling  the  resulting  products 
down  to  60*  Fahr.  The  water  vapor  in  the  products  of  combus- 
tion is  then  condensed  and  the  latent  heat  or  heat  of  condensa- 
tion of  the  water  vapor  is  thus  added  to  the  result  The  lower 
heat  value  is  the  result  obtained  by  cooling  the  products  of  com- 
bustion to  212^  without  condensing  the  vapor.  The  theoretical  dif- 
ference between  the  two  heat  values  can  readily  be  calculated. 
We  have  found  that  in  burning  one  pound  of  gasoline  1.465 
pounds  of  water  vapor  is  formed.  The  latent  heat  of  water  is 
^5.7  B.  T.  U.  per  pound,  and  the  cooling  of  the  water  from  212* 
to  60"*  gives  a  furUier  152  B.  T.  U.  per  pound,  making  a  total  of 
1,118  B.  T.  U.  Of  the  other  two  constituents  of  the  products  of 
combustion,  carbon  dioxide  and  nitrogen,  the  former  has  a  specific 
heat  of  0.216  and  the  latter  of  0.244.  The  total  heat  gained  in 
condensing  the  water  vapor  and  cooling  all  of  the  products  of 
combustion  of  one  pound  ot  gasoline  from  212^  to  60*  Fahr.  is 

therefore 

H,0  1.46  X 1 1 18  =  1633 
CO,  3.05  X  15a  X  0.316  s  100 
N.     11.77x153x0.344=  436 

Total 3,168  B.  T.  U. 

This  is  the  difference  between  the  lower  and  higher  calorific 
values  per  pound. 

It  is  evidently  the  most  logical  plan,  in  making  calculations  of 
thermal  efficiency,  to  figure  with  the  lower  heat  value  of  the  fuel, 
as  it  is  physically  impossible  to  utilize  the  latent  heat  of  water 
vapor  in  a  gasoline  engine.  It  is  the  custom  in  this  country  to 
base  calculations  on  the  lower  heat  value. 

The  total  heat  liberated  in  the  combustion  of  gasoline  is  the 
sum  of  the  heats  liberated  by  the  combustion  of  the  carbon  and 
the  combustion  of  the  hydrogen,  minus  the  heat  required  to 
break  up  the  hydrocarbon  molecules.  In  the  combustion  of 
carbon  to  carbon  dioxide  the  heat  liberated  per  pound  of  the 
carbon  dioxide  is  3JB60  B.  T.  U.  In  the  combustion  of  hy- 
drogen to  water  vapor  the  heat  liberated  per  pound  of  vapor 
is  5,830  B.  T.  U.    The  dissociation  of  the  gasoline  or  hexane 
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Into  hydrogen  and  carbon  requires  420  B.  T.  U.  per  pound.    If, 
now,  we  take  the  quantities  of  carbon  dioxide  and  water  vapor, 
produced  by  the  combustion  of  one  pound  of  hexane  as  found 
above,  we  may  write  the  following  heat  balance: 

3,053  X  3.860  =  11,784 

1.465  X  5^  =    8,541 


20.325 
—420 

19.905 


iliis  result  19,905  B.  T.  U.  per  pound  of  gasoline,  is  slightly 
I  hi^er  than  the  best  experimental  results. 

Gasoline  mixtures  containing  the  relative  proportions  of 
constituents  required  for  complete  combustion  are  readily 
ignited  by  an  electric  spark.    When  the  proportions  of  gaso- 
[  line  and  air  vary  much  from  this  standard  either  way  it  be- 

I  comes  more  difficult  to  ignite  the  mixture.    Greater  heat  is 

required  to  effect  the  ignition,  and  once  ignited  the  charge 
burns  more  slowly.  The  limiting  proportions  for  which  igni- 
tion is  still  possible  at  atmospheric  pressure  are  about  1:7 
(rich  mixture)  and  1:33  (lean  mixture). 


CHAPTER  II. 


THE  LAWS  OF  GASES-THERMODYNAMICS. 

Heat  is  a  form  of  energy  and  is  convertible  into  other  forms 
of  tatrjsy,  which  in  turn  are  convertible  into  it  Energy  is  de- 
fined as  the  capacity  for  performing  mechanical  work.  Experi- 
ments conducted  by  Helmholtz,  Joule  and  Mayer  during  the  past 
century  proved  that  energy  is  indestructible;  it  can  be  converted 
from  one  form  into  another  and  reconverted  any  number  of 
times,  but  the  total  amount  of  it  never  changes.  The  most 
familiar  form  of  energy  is  mechanical  energy,  which  is  measured 
in  foot-pounds.  One  foot-pound  is  the  energy  expended  in  rais- 
ing one  pound  of  matter  one  foot  against  the  force  of  gravity. 
Heat  energy  is  measured  in  British  thermal  units.  The  B.  T.  U., 
as  already  stated,  is  that  amount  of  heat  which  is  required  to 
raise  one  potmd  of  water  from  39  to  40  degrees  Fahrenheit 
Joule's  experiments  showed  that 

I  B.  T.  U.  =  772  foot-pounds, 
and  the  figure  773  is  known  as  Joule's  equivalent  or  the  mechanic 
cal  equivalent  of  heat    It  is  represented  in  mathematical  discus- 
sions by  the  letter  /. 

There  are  two  broad  principles  underlying  the  conversion  of 
heat  into  mechanical  energy  and  the  reciprocal  process,  known 
respectively  as  the  first  and  the  second  law  of  thermodynamics. 
They  may  be  stated  as  follows : 

Fqlst  Law  of  Thermodynamics:  When  work  is  done  by 
the  expenditure  of  heat,  the  quantity  of  heat  consumed  is  a 
measure  of  the  quantity  of  work  done,  or  of  the  energy  acquired 
in  a  new  form;  and  conversely,  if  work  is  converted  into  heat 
energy  the  conversion  takes  place  in  a  definite  ratio. 

Second  Law  of  Thermch)ynamics  :  If-  the  total  actual  heat 
of  a  homogeneous  and  uniformly  hot  substance  be  conceived  to 
be  divided  into  any  number  of  equal  parts,  the  effects  of  these 
parts  in  causing  work  to  be  performed  are  equal  (Rankine). 

10 
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Perfect  Oases — It  has  been  found  desirable  in  scientific  dis- 
cussions to  distinguish  between  perfect  gases — ^those  far  from 
theit  temperature  of  liquefaction — and  imperfect  gases  or  vapors 
—those  near  their  point  of  liquefaction.  Although  gasoline  vapor 
forms  one  of  the  constituents  of  the  combustible  charge  used 
in  gasoline  motors,  it  is  convenient  in  discussing  the  theory  of 
these  motors  to  consider  the  charge  as  a  perfect  gas. 

When  a  quantity  of  a  perfect  gas  is  confined  in  a  closed  vessel 
it  exerts  a  uniform  pressure  over  the  entire  interior  surface  of 
the  vesseL  This  pressure  is  known  as  the  gas  pressure  and  is 
usually  expressed  in  pounds  per  square  inch.  If  the  volume 
occupied  by  the  gas  is  changed,  the  pressure  will  generally  be 
changed.  It  has  been  found  that  if  the  volume  of  the  gas  is  re- 
duced in  a  certain  proportion — the  temperature  of  the  gas  remain- 
ing the  same — the  pressure  will  be  increased  in  the  same  propor- 
tion ;  inversely,  if  the  volume  is  increased  in  any  proportion,  the 
temperature  of  the  gas  remaining  the  same,  the  pressure  will  be 
reduced  in  the  same  proportion.  This  law  is  known  as  Boyle's 
or  Marriotte's  law,  and  is  mathematically  expressed  by  the 
equation 

P  F  =»  Constant, 
where  P  is  the  pressure  and  V  the  volume.  Compression  of  the 
gas  not  accompanied  by  any  change  in  the  temperature  of  the 
same  is  known  as  isothermal  compression,  and  expansion  under 
the  same  conditions  as  isothermal  expansion. 

Ordinarily,  however,  the  compression  and  expansion  of  gase 
are  accompanied  by  temperature  variations,  as  will  be  Explained 
farther  on. 

Absolute  Temperature  Scale— When  a  gas  is  heated,  if  it 
is  free  to  expand,  it  will  do  so,  and  a  certain  relation  has  been 
found  to  exist  between  the  volume  increase  and  temperature 
increase.  It  is  known  that  the  ordinary  thermometric  scale  is  en- 
tirely arbitrary,  the  freezing  point  of  water  being  called  32  de- 
grees, the  boiling  point  of  water  212  degrees  and  the  entire  scale 
divided  into  parts  equal  to  1/180  of  the  distance  between  thesf 
two  points.     But  if  we  fix  our  zero  at  what  on^the  ordinal. 
Fahrenheit  scale  would  be  —461*  and  measure  temperatures 
from  that  point,  then  the  increase  in  volume  of  a  perfect  gas 
(the  pressure  remaining  constant)  will  be  directly  proportional 
to  the  increase  in  the  temperature  of  the  gas,  or  the  increase  in 
pressure  (the  volume  remaining  constant)  will  be  directly  pro- 
portional to  the  increase  in  temperature. 

This  point  on  the  temperature  scale,  viz.,  —  461^  Fahr.,  is 
sdled  the  absolute  zero,  and  temperatures  measured  from  it  are 
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called  absolute  temperatures.  The  above  relationship  in  Its  most 
general  form  is  known  as  Charles'  law  and  is  expressed  mathe- 
matically as*  follows: 

p  V 

ll^ss  Constant^ 
T 

P  being  the  absolute  pressure;  F»  the  volume,  and  T  the  abso- 
lute temperature. 

Specific  Heats->The  amount  'ot  heat  required  to  raise  the 
temperature  of  any  substance  by  one  degree  Fahrenheit  depends 
upon  what  is  known  as  its  specific  heat  It  has  already  been 
pointed  out  that  it  requires  one  British  thermal  unit  to  raise  one 
pound  of  water  from  39  to  40  degrees  Fahrenheit,  and  water  is 
considered  to  have  ja  specific  heat  of  unity;  hence  the  specific 
heat  of  other  substances  is  equal  to  the  amount  of  heat  expressed 
in  British  thermal  units  required  to  raise  the  temperature  of  one 
pound  of  these  substances  one  degree  Fahrenheit.  In  the  case 
of  gases,  however,  it  makes  a  difference  whether  the  rise  in  tem** 
perature  is  accompanied  by  a  rise  in  the  pressure  of  the  gas 
or  by  an  increase  in  the  volume.  If  the  gas  is  heated  at  constant 
volume,  the. heat  in  British  thermal  units  required  to  raise  one 
pound  I  degree  Fahrenheit  is  known  as  the  specific  heat  at  con- 
stant volume  (Cy),  while  if  the  gas  is  heated  at  constant  pres- 
sure the  heat  in  thermal  units  required  to  increase  the  tempera- 
ture 1  degree  Fahrenheit  is  known  as  the  specific  heat  at  constant 
pressure  (C^).  The  specific  heat  of  air  at  constant  volume  has 
been  found  by  experiment  (Regnault)  to  be  0.169.  From  this  we 
can  calculate  the  specific  heat  of  air  at  constant  pressure  as 
follows  * 

Consider  a  cylinder  of  such  a  bore  that  its  cross  section  meas- 
ures just  one  square  foot.  A  piston  rests  in  this  cylinder  with 
its  head  exactly  one  foot  from  the  cylinder  head.  The  space 
back  of  the  piston  measures  then  exactly  one  cubic  foot,  and  we 
will  consider  this  space  filled  with  air  at  atmospheric  pressure 
and  at  a  temperature  of  62*  Fahr.,  or  523^  absolute.  We  will  as- 
sume that  the  piston  has  an  air-ti^t  fit  in  the  cylinder,  but  can 
move  in  it  without  friction.  . 

Now  let  heat  be  applied  to  the  air  confined  in  the  cylinder, 
and  its  temperature  thereby  be  raised.  As  the  temperature  rises, 
the  pressure  of  the  air  tends  to  rise,  but  we  have  assuAifcd  that 
the  piston  moves  in  the  cylinder  without  friction;  and,  since  its 
outer  face  is  subjected  only  to  atmospheric  pressure,  immediately 
the  pressure  of  the  confined  air  rises  above  atmospheric  pressure 
the  piston  moves  outward,  thus  keeping  the  pressure  within  down 
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'to  atmospheric  If  we  keep  on  supplying  heat  to  the  confined 
gas  until  its  temperature  is  585*  Fahr.,  or  1046*  absolute,  accord- 
ing to  the  law  of  Charles  the  volume  will  be  doubled.  The 
piston  will  then  have  moved  exactly  i  foot,  making  the  volume 
filled  by  the  air  back  of  it  2  cubic  feet  The  atmosphere  is  all 
the  time  pressing  against  the  outer  face  of  the  piston  with  a 
pressure  of  14.7  pounds  per  square  inch,  or  a  total  pressure  of 

144  X  14.7  s  2,1 16.8  pounds, 
and  since  the  piston  was  moved  i  foot  against  this  pressure  the 
energy  expended   in  thus  'pushing  back  the  atmosphere"   is 
2^1 16B  foot-pounds.    This  is  equal  to 

?iH5i?  =  2.74aAr.a 
77a 

Now,  one  cubic  foot  of  air  under  atmospheric  pressure  at  62* 
Fahr.  weighs  OJOf^l  pound.  Consequently,  in  order  to  raise 
ao76i  pound  of  air  523*  Fahr.  at  constant  pressure  requires  an 
expenditure  of  energy  for  pushing  back  the  atmosphere  of  2.742 
B.  T.  U.  The  amount  of  energy  required  per  pound  of  air  per 
degree  Fahrenheit  is  therefore 

1^^24? =0.0688  B.TM. 

0.076Z  X  523 

Adding  this  to  the  energy  required  to  raise  the  temperature  pi 

one  pound  of  air  one  degree  Fahrenheit  at  constant  volume,  we 

find  for  the  heat  required  to  raise  it  one  degree  at  constant 

pressure 

o.  1691 H-  0.0688  =  o. 2379  B.  T,  U. 

We  have  therefore : 

Specific  heat  of  air  at  constant  volume  Ct  =  0.1691 ; 
Specific  heat  of  air  of  constant  pressure  Cp  =  02379. 
The  ratio  of  these  two  factors 

2:^37£«x.408 
0.Z69Z 

plays  quite  an  important  part  in  thermodynamics. 

Consider  again  the  aforesaid  cylinder  with  a  cross  section  of 
I  square  foot,  and  containing  a  volume  V  of  air  at  the  tempera- 
ture, 7,  and  pressure,  P  (both  absolute).  Now,  let  heat  be  ap- 
plied to  this  gas  until  the  temperature  becomes  Tx  and  the  volume 
Vx,  Part  of  the  heat  is  expended  in  raising  the  temperature  of 
the  air  and  the  rest  in  pushing  back  the  atmosphere  or  other 
pressure  holding  the  piston  in  place;  that  is,  in  doing  external 
work.  We  will  consider  the  quantity  of  air  in  the  cylinder  a  unit 
quantity  and  P  the  pressure  per  square  foot.  As  regards  units, 
we  can,  of  course,  make  them  anything  we  choose,  only  we  must 
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use  the  same  units  throughout  the  discussion.  The  foregoing  are 
here  chosen  in  order  to  eliminate  coefficients  which  would  simply 
complicate  the  work,  but  would  not  affect  the  result. 

The  heat  required  to  raise  the  temperature  of  the  gas  in  this 
operation  is  the  same  as  would  be  required  to  raise  the  tem- 
perature the  same  amotmt  at  constant  volume,  viz., 

C^   (Tt  -.  T). 

The  total  heat  required  being  C,  (Tt  —  T),  it  follows  that  the 
difference  (C^  —  C^)  (Ti  ^  T)  is  expended  in  doing  external 
work.  This  work,  however,  can  also  readily  be  expressed  in 
other  terms.  Since  the  cross  section  of  the  cylinder  is  exactly 
I  square  foot,  the  volume  increase  in  cubic  feet  is  the  same  as 
the  motion  of  the  piston  in  feet,  and  vice  versa.  Therefore, 
when  the  volume  increases  from  F  to  Ki  the  piston  moves 
Ft  —  F  feet,  and  since  it  moves  agamst  the  pressure  P,  the 
nrork  done  is 

P  (Fi— F)   foot-pounds. 
which  is  equivalent  to 

^{Vi— V^  hecU'unUs, 

/Mng  the  mechanical  equivalent  of  heat 

Equating  the  two  ezpresaions  for  the  external  work  done  we  have 

(Ct-Cr)(7\-n=^(ri-n (x) 

Bat  since  the  pressure  P  remains  constant,  we  have 

Tssll   (Charles' law). 
T     7i 


or 


Fi=ri^ 


Snbstitvting  this  value  of  V^  in  equation  (i)  we  obtain 
(Cp-CV)(7\-71=»^(Ti^-f). 

Dividing  both  sides  by 


(?-)• 


we  bave 


(Cp-c:0  7=^F, 


which  by  transformation  gives 

PV 


But  by  Charles'  law 


^=/(Cp-CV). 


P  V 
- --=  Constant^ 

T 
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ccMueqiie&tly. 

J(Cp  —  CV  )  s  Omstant. 
This  constant  is  generally  designated  by  R,  so  that  we  may 
write: 

^-/(c:p-cv)  =  ^ (2) 

It  will  be  noted  that  in  dealing  with  gases  there  are  three 
main  factors,  viz.»  the  volume,  the  temperature  and  the  pressure. 
We  have  thus  for  always  assumed  one  of  these  factors  to  be 
constant  and  then  investigated  the  change  of  the  second  with  a 
change  in  the  third.  But  in  practical  work  with  gases  all  of  the 
foregoing  factors  often  change  simultaneously. 

Adlabatlc  Changes  off  State— According  to  the  principle  of 
the  first  law  of  thermodynamics,  if  heat  is  supplied  to  a  quantity 
of  air  or  gas  the  amount  of  heat  thus  supplied  will  be  equivalent 
to  the  heat  used  for  raising  the  temperature  of  the  air  ot  gas 
plus  the  energy  expended  in  doing  external  work.  Considering, 
therefore,  a  small  amount  of  heat,  H,  supplied,  which  will  cause 
an  infinitesimal  increase,  d  T,  in  the  temperature  of  the  air  and 
an  infinitesimal  increase,  if  F,  m  the  voltune,  we  may  write: 

From  this  it  readily  follows  that  if  any  changes  take  i4ace  in 
the  state  of  the  air  without  the  total  amount  of  heat  in  it  being 
either  added  to  or  subtracted  from  (H  »=  o),  then 

Such  changes  in  the  state  of  gas,  not  accompanied  by  the  addi- 
tion of  heat  from  outside,  or  the  subtraction  of  heat  from  the 
gas,  are  known  as  adiabatic  (equal  heat)  changes. 
The  limiting  ratio  of  temperature  to  volume  change  is  therefore 

dT  P 


We  foond  that 

from  which  it  follows  that 

PK«  y/fsa  7y( Cp  — CV ). 
Differentiating  with  respect  to  i\  K  and  7*.  we  have : 

PdV'\'VdP^J(C^—C^)dT\ 


(3) 


dV 
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Snbititating  the  value  of  -— ■  foimd  in  (3),  we  hav^ 

dV 

whioh  can  be  changed  to 

P  \C^  )    V 

NoWf  it  may  be  found  in  text  books  on  the  Integral  Calculus 

that  the  integral  of  a  differential  expression  of  the  form  —  is 

log  jr.    Hence^  integrating,  we  have: 

log  P  =  —  ^ log  r+  Constant. 
transposing, 

log  />  +  5Llog  K=  Constant^ 

and  taking  antilogs, 

Cp 

PV^  ^Constant 

The  ratio  of  the  specific  heats  ^is  generally  designated  by  %  so 
we  may  write: 

Pyr  mm  Constant 1 (4) 

This  gives  us  an  expression  connecting  the  pressure  and  volume 
for  adiabatic  changes  in  the  state  of  the  gas.  The  temperature 
is  not  a  factor  in  this  equation,  but  an  expression  for  it  may 
readily  be  found  as  follows : 

From  the  equation. 


wafind  that 


p:.r^. 


V 
and  multiplying  both  sides  by  K*^, 

Pin^IlZLmmConMtani. 

or,  since  J?  is  a  constant 

TV^^^tx^  Constant (S) 

We  also  may  write  the  foregoing  equation  in  the  form 
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10  that 

and  naltiplying  both  sides  by  P, 

PV'^  mtP  (^y  =  Constant 
from  which  it  follows  that 

^       ^  Constant. .  • • *(6) 

Sumtnarizing,  for  adiabatic  expansion  or  compression  of  gas 
the  following  tiiree  equations  hold: 

PV^  ^  Constant: 
TV^      =  Constant; 

^  Constant* 

py^x 

The  following  table  gives  the  values  of  Cp,  Co  and  y  for  the 

different  gases  involved  in  gasoline  motor  work: 

Air    •• 0.2375  0.X6S4  1.408 

Oxygen 0.^175  0.1551  i>37o 

Nitrogen  t 0.3438  0.1727  1.41a 

Hydrogen 3*409  4.41x0  >*4i4 

r4U'bon  monoxide 0.3450  0.1736  1.4x1 

Carbon  dioxide 0.2869  0.173  1.668 

Steam  0.4805  0.370  1.298 

Temperature  of  Qasoline  Combustion— We  found  that 
one  pound  of  gasoline  in  burning  evolves  approximately  19/xx) 
B.  T.  U.  This  heat  energy  in  a  gasoline  motor  as  now  com- 
monly used  is  applied  to  the  gas  at  constant  volume,  and  all  of 
it  therefore  goes  to  raise  the  temperature  of  the  gas.  The  three 
constituents  of  the  gases  in  the  cylinder  after  the  charge  has 
been  burned  are  nitrogen,  carbon  dioxide  and  water  vapor,  and 
considering  the  proportions  in  which  they  are  present  and  the 
specific  heat  at  constant  volume  of  each,  we  should  expect  the 
specific  heat  of  the  products  as  a  whole  to  be  about  0.20.  Assum- 
ing that  one  part  of  gasoline  vapor  is  mixed  with  20  parts  of 
air,  we  should  expect  a  rise  in  temperature  on  combustion  of 

19,000     -a.gooo  j?^^^^  {afpr.), 
2x  X  o.ao 

In  reality  the  temperature  never  exceeds  3,000  degrees  Fahren- 
heit. Various  reasons  have  been  advanced  in  explanation  of  this 
discrepancy  between  theory  and  practice.  The  first  and  most 
plausible  explanation  is  that  the  specific  heat  of  gases,  instead 
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of  being  constant,  increases  with  the  temperature.  This  subject 
has  been  experimentally  investigated  by  Mallard  and  Le  Chate- 
lier.  From  the  results  of  their  experiments  it  is  found  that  there 
is  a  linear  relation  between  the  specific  he«it  at  constant  volume 
and  the  temperature  of  the  gas,  and  that  the  specific  heats  may 
be  represented  by  the  following  equations: 

For  COf,  CV  Bs  0.Z408  +  0.0000463  TV 
For  H,0,  CV  =  0.279  +  0.0001011  T; 

For  Nj,  CV  «=  0.171  +  0.0000120  T; 

For  O],  CV  SB  0.150  -{-  0.0000ZO4  T, 

In  these  T  is  the  regular  Fahrenheit  temperature  and  C^  the 
average  specific  heat  up  to  the  temperature  T.  It  will  be 
noted  that  the  temperature  coefficient  for  those  gases  which 
have  the  lowest  temperature  of  liquefaction  (Nt  and  Oa)  are 
the  lowest;  in  other  words,  for  these  gases  the  specific  heat  is 
most  nearly  constant.  If  we  determine  the  temperature  of 
combustion  by  making  use  of  the  foregoing  specific  heats,  the 
result  is  still  about  3,700  degrees  Fahrenheit,  and  the  increase 
in  the  specific  heats  at  high  temperature,  therefore,  does  not 
fully  explain  the  discrepancy  between  calculated  and  observed 
results. 

Other  explanations  are  that  the  cooling  effect  of  the  walls 
prevents  the  gas  from  attaining  the  calculated  temperature,  that 
compounds  formed  by  the  combustion,  viz.,  carbonic  acid  gas 
and  water  vapor,  become  dissociated  at  high  temperatures, 
whereby  heat  energy  is  absorbed,  and  that  the  chemical  re- 
actions are  not  yet  terminated  at  the  moment  the  maximum 
temperature  is  reached,  so  that  this  temperature  does  not  depend 
upon  the  total  heat  of  combustion  of  all  of  the  gas.  This 
latter  theory  is  referred  to  as  that  of  "after  burning."  The 
fact  that  the  pressure  and  temperature  of  explosion  are  higher 
in  a  motor  with  hemispherical  combustion  chamber  than  in  a 
motor  with  valve  pockets  on  opposite  sides  proves  that  the  cool- 
ing influence  of  the  walls  and  "after  burning"  affect  the  tempera- 
ture of  explosion. 


CHAPTER  III. 


THE  OTTO  CYCLE. 

The  great  majority  of  automobile  motors  are  operated  on  what 
is  known  as  the  Otto  or  four-stroke  cycle.  By  a  cycle  is  meant 
the  succession  of  operations  in  a  cylinder  with  a  single  charge  of 
explosive  mixture.  The  Otto  or  four-stroke  cycle  comprises  the 
following  four  operations,  succeeding  one  another  in  the  order 
given : 

Admission  of  the  charge  to  the  cylinder. 

Compression  of  the  charge. 

*  Combustion  of  the  charge  (which  includes  its  ignition  and  ex- 
pansion). 

Exhaustion  of  the  products  of  combustion. 

Each  of  these  four  operations  occupies  the  time  of  one  piston 
stroke.  This  cycle  was  originally  proposed  by  Beau  de  Rochas, 
a  Frenchman,  who  in  1862  took  out  a  French  patent  on  an  engine 
employing  it  Its  first  practical  application,  however,  is  due  to 
Dr.  N.  A.  Otto,  a  German  engineer,  who  in  1876  patented,  and 
in  1878  exhibited  at  the  World's  Fair  in  Paris  the  first  four- 
stroke  cycle  engine  of  the  general  type  in  common  use  today. 

Admission — ^The  first  stroke  of  the  Otto  cycle  is  known  as  the 
admission  or  intake  stroke.  The  piston  then  moves  outward  in 
the  cylinder,  thereby  creating  a  rarefaction  of  the  air  or  gas  in 
the  outer  or  working  end  of  the  cylinder  (generally  known  as 
the  combustion  chamber).  At  some  point  in  the  wall  of  the 
combustion  chamber  is  located  a  valve  which,  at  the  proper 
time,  places  the  combustion  chamber  in  communication  with  the 
source  of  combustible  mixture,  the  carburetor.  '  During  the 
admission  stroke  there  is,  as  we  have  seen,  a  rarefaction  of 
the  gas  in  the  combustion  chamber;  in  other  words,  a  partial 
vacuum,  so  that  the  pressure  on  the  admission  valve  from  the 
inside  at  this  time  is  less  than  atmospheric  pressure;  and  since 
the  atmosphere  presses  against  the  valve  from  the  outside  it  is 
possible  to  open  the  valve  by  means  of  this  diffeience  in  pres- 
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sure  on  its  two  sides,  th&t 
is,  by  the  suction  cfTecL 

At  the  end  of  the  inlet 
stroke  the  suction  ceases, 
and  a  light  spring  will 
suffice  then  to  close  the 
valve.  This  type  of  inlet 
valve,  known  as  the  auto- 
malic  inlet  valve,  was  very 
extensively  used  at  one 
lime,  but  it  has  now  been 
discarded  for  automobile 
work,  because  it  is  noisy  in 
operation  and  because  it 
Fic.  I— Admission.  doses  too  early  when  the 

motor  runs  slowly,  and  too 
late  when  the  motor  runs  very  fast,  thus  making  it  impossible 
to  get  full  charges  into  the  cylinder  under  these  conditions.  By 
a  full  charge  is  meant  a  volume  of  charge  equal  to  the  piston 
displacement  volume  at  atmospheric  pressure  and  temperature 
At  present  a  type  of  valve  is  generally  used  which  is  positively 
opened  by  mechanical  connection  with  the  motor  crankshaft,  and 
also  positively  closed.  This  valve  begins  to  open  a  little  after 
the  beginning  of  the  admission  stroke  and  closes  a  little  after 
the  admission  stroke  has  been  completed. 

When  the  motor  is  rotating  at  low  speed  the  degree  of  vacuum 
or  suction  in  the  cylinder  during  the  admission  stroke  will  be 
very  small,  and  it  will,  under  any  conditions,  be  the  smaller  the 
greater  the  cross  section  of  the  inlet  ports  and  passages  in  pro- 
portion to  the  cross  section  of  the  cylinder.  The  least  reduc- 
tion in  the  density  of  the  gas  inside  the  combustion  chamber  will 
immediately  create  an  infiow  of  combustible  mixture,  which  will 
all  but  fill  the  vacuum.  At  high  engine  speeds,  however,  there  is 
considerable  resistance  to  the  flow  of  the  gaseous  mixture 
through  the  carburetor,  inlet  pipe  and  valve  ports,  and  the  cyl- 
inder then  receives  considerably  less  than  a  full  charge, 

Compression — Shortly  after  the  completion  of  the  inlet  stroke, 
the  inlet  valve  is  closed,  and  during  the  rest  of  the  return  stroke 
of  the  piston  the  charge  is  compressed  in  the  combustion 
chamber.  When  the  piston  has  reached  the  end  of  its  return 
stroke — the  compression  stroke — the  gas  is  compressed  into  from 
one-third  to  one-fifth  or  less  of  the  volume  it  occupied  at  the 
beginning  of  the  stroke.  The  space  which  it  then  occupies  is  ' 
known  as  the  compression  space.  The  object  of  compressing  the 
charge  previous  to  ignition  is  as  follows: 


Fig.  2.— Coupressioh. 
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Upon  ignittoii  tb«  whole 
charge    is    immediately 
brought   to   a    high    tem- 
perature and  a  hi|^  pres- 
•ure.      By    reason   ot    its 
pressure  the  gas  acts  on 
the  piston  and  thus  con- 
verts    beat     energy     into 
mechanical  energy.    TIow- 
ever,   owing  to   the   con- 
tact of  the  highly  heated 
galea   with    the   relatively 
cool  walls  of  the  combus- 
tion chamber,  heat  is  lost 
rapidly.    This  loss  of  beat, 
of    course,    represents    a 
loss  of    energy,    as   the   gases    on   cooling    decrease   in    pres- 
sure  and   in   their  capacity   for  performing  mechanical   work. 
Other  things-  being  equal,  this  loss  of  heat  is  directly  propor- 
tional to  the  area  of  the  cooling  surface  with  which  a  given 
quantity  of  charge  is  in  contact     By  compressing  the  charge 
before  ignition  the  area  of  the  surface  with  which  it  is  in  con- 
tact during  ignition  and  expansion   is  lessened,  and  the   heat 
losses  are  reduced.    An  engine  in  which  the  charge  is  compressed 
previous  to  ignition  is,  therefore,  more  efficient,  transforming  a 
greater  percentage  of  the  heat  energy  of  the  fuel  into  mechanical 
energy.     Besides  this,  the  working  pressure  is  greater,  and  an 
engine  of  given  size  will  have  a  much  greater  output  when 
working  with  compression  of  the  charge  than  when  firing  the 
charge  at  atmospheric  pressure.    In  brief,  compression  increases 
the  fuel  efficiency  and  reduces  the  weight  and  bulk  of  the  engine. 

Ignition  and  Cotnbtution — At  or  near  the  end  of  the  com- 
pression stroke  an  electric  spark  ts  produced  in  the  compression 
chamber  which  ignites  the  charge.  If  ignition  of  the  whole 
charge  took  place  instantaneously  the  end  of  the  stroke  would 
be  the  proper  time  for  the  spark  to  occur.  It  has  been  shown, 
however,  that  it  takes  some  time  for  the  flame  to  be  propagated 
through  the  charge,  and  for  this  reason  when  the  motor  is  run- 
ning at  relatively  high  speed  the  spark  must  occur  slightly  before 
the  dead  centre  for  the  best  results. 

Upon  ignition  the  pressure  suddenly  rises  to  between  four 
and  fivft  times  what  it  was  previously,  and  the  piston  is  forced  out 
under  this  pressure.  The  pressure  multiplication  factor  varies 
with  the  composition  of  the  charge,  the  form  of  the  compression 
chamber  and  other  variables.    The  actual  pressure  in  a  gasoline 
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—  motor    upon    ignilion    is 

generally  between  250  and 
350  pounds  per  square 
inch,  when  the  motor 
works  at  full  power.  The 
pressure  drops,  however, 
very  rapidly,  owing  both  to 
the  increase  in  the  volume 
of  the  gases  as  the  piston 
moves  outward  and  to  the  - 
abstraction  of  heat  from 
the  gases  by  the  cylinder 
walls.  When  the  power 
stroke  is  almost  completed 
Fm.  3.— Expahbiok.  the  exhaust   valve  begins 

to  open  and  the  spent 
gases,  which  are  still  under  about  50  pounds  pressure  per  square 
inch,  escape  rapidly. 

Exhaust — The  exhaustion  of  the  burnt  gases  continues  all 
through  the  following  return  stroke  of  the  piston,  the  exhaust 
valve  remaining  open  throughout  this  stroke.    During  the  lirst 
part  of  the  exhaust  period  the  gases  are  forced  out  by  th«r 
proper  pressure,  which  causes  them  to  expand  when  no  longer 
confined,  but  during  the  last  portion  of  this  stroke  the  piston 
practically  sweeps  the  gases  before  it  and  pushes  them  out  of 
the  cylinder.    The  piston,  however,  does  not  sweep  through  the 
whole  of  the  cylinder  space  and  cannot,  therefore,  clear  the 
compression  space  of  spent  gases.    This  space  remains  always 
filled  with  the  product  of  the  previous  combustion,  and  is  for 
this    reason    also    known    as    the    dead    space,    or    clearance 
space.    At  the  end  of  the 
exhaust  stroke,  or  slightly 
later,    the    exhaust    valve 
closes,   and  at  about  the 
same  time  the  inlet  valve 
opens  again  and  the  cy- 
cle  starts  anew.     In  the 
sketch.  Fig.  5,  is  represent- 
ed a  cylinder  of  a  gasoline 
engine  with  its  piston  in 
place.  Into  the  piston  head 
is  secured  a  pipe  leading 
to  a  device  known  as  an 
indicator.      This    consists 
of  a  cylinder  with  a  piston 
Fig.  4.— Exhaust.  in  it,  with  a  coiled  spring 
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on  top  which  tends  to  force  the  pistoa  down  to  the  bottom  of 
the  cylinder.  The  piston  rod  extends  through  the  head  of  the 
cylinder  and  connect!  to  a  set  of  four  links,  joined  to  as 
to  form  a  parallelogram.  One  member  of  this  linkage  is 
extended  downwardly  and  is  pivoted  at  its  lower  end  to  a 
fixed  bracket  The  top  member  is  also  extended  and  carries 
St  its  outer  end  a  pencil  which  is  lightly  pressed  against  a 
paper  card  carried  on  a  frame  on  top  of  the  cylinder. 

The    indicator    cylinder    is    always    in    direct    communication 
with  the  motor  cylinder,  and  the  same  gaseous  pressure  that 


ads  on  the  motor  piston  acts  on  the  indicator  piston.  The 
indicator  piston  will  thereby  be  forced  upward  against  the 
pressure  of  the  spring.  It  is  a  law  of  coiled  compression  springs 
that  when  subjected  to  pressure  they  compress  a  distance  which 
is  directly  proportional  to  the  pressure.  Hence,  at  any  point 
in  the  stroke  of  the  motor  piston  the  indicator  piston  will  be 
moved  up  in  its  cylinder  a  distance  directly  proportional  to  the 
pressure  in  the  motor  cylinder.  The  pencil  will  be  moved  a 
vertical  distance  directly  proportional  to  the  motion  of  the  in- 
dicator piston,  and  hence  the  vertical  height  of  the  pencil  it 
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always  a  measure  of  the  pressure  acting  in  the  motor  cylinder. 
The  pencil  is  also  moved  horizontally  back  and  forth,  owing  to 
the  fact  that  it  is  carried  by  the  motor  piston,  and  its  horizon- 
tal position,  therefore,  always  corresponds  to  the  position  of 
the  motor  piston  head;  in  other  words,  to  the  point  in  the 
stroke. 

If  the  motor  piston  is  moved  back  and  forth  in  the  cylinder 
while  the  valves  are  held  open,  the  pressure  in  the  cylinder  will 
remain  atmospheric,  and  the  pencil  will  describe  a  straight  hori- 
zontal line  A  A,  known  as  the  atmospheric  line.  If,  however, 
the  motor  performs  its  regular  cycle  and  the  inlet  valve  closes 
at  the  end  of  the  inlet  stroke,  then  during  the  following  re- 
turn stroke  the  gas  will  be  compressed  and  the  pencil  will  de- 
scribe curve  A  B,  known  as  the  compression  curve.  At  the 
end  of  this  stroke  the  charge  is  ignited  and  the  pressure  in  the 
cylinder  suddenly  rises,  in  consequence  of  which  the  pencil  de- 
scribes a  vertical  or  nearly  vertical  line  B,  C,  Then,  as  the  piston 
performs  the  next  or  power  stroke,  the  pressure  in  the  cylinder 
falls,  first  rapidly  and  then  gradually  more  slowly,  as  indicated 
by  the  curved  line  C  D,  which  is  known  as  the  expansion 
curve.  At  the  end  of  the  power  stroke,  as  the  exhaust  valve  is 
opened,  the  pressure  drops  suddenly  to  almost  atmospheric,  as 
indicated  by  the  short  vertical  line  DA, 

These  various  straight  and  curved  lines  form  together  what  is 
known  as  an  engine  diagram,  which  g^ves  an  accurate  picture 
of  what  is  going  on  inside  the  motor  cylinder.  Such  a  diagram 
cannot  actually  be  taken  from  an  automobile  engine  by  the  ap- 
paratus here  shown,  as  the  inertia  of  the  moving  parts  would 
interfere  with  the  results,  but  the  sketch  serves  very  well  to  ex- 
plain what  is  meant  by  an  indicator  diagram. 

Compression  Calculation — ^At  the  present  time  it  is  custom- 
ary to  work  at  from  75  to  90  pounds  compression  absolute. 
The  higher  the  compression  the  greater  the  power  obtained 
from  a  motor  of  g^ven  cylinder  dimensions,  and  the  higher  the 
fuel  economy,  but  when  the  compression  exceeds  a  certain 
limit  there  is  danger  of  trouble  from  overheating  of  the  cylinder, 
self-ignition  (ill-timed)  due  to  the  heat  of  the  compression,  and 
knocking  in  the  bearings.  Some  years  ago  automobile  motors 
were  frequently  built  with  compressions  as  high  as  100  poundi 
per  square  inch,  but  lower  compressions  were  found  advan* 
tageous. 

The  compression  of  the  charge  approximates  an  adiabatic 
compression,  the  expression  for  which,  as  we  have  seen,  is 
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Pm  ^  Qmstant. 

If  Pi  be  the  pressure  in  the  cylinder  when  the  compression 
stroke  begins;  Vi,  the  volume  occupied  by  the  gases  at  the  be- 
ginning of  the  compression  stroke  (volume  swept  through  by 
piston  plus  compression  space  volume) ;  Pm,  the  pressure  at  the 
completion  of  the  compression  stroke  and  Vi  the  volume  occu- 
pied by  the  gases  at  the  completion  of  that  stroke  #( compression 

8pace  volume),  then,  evidently, 

i\  Fj  -y  «  />,  K,7  B  Constant. 

From  which  it  follows  that  the  compression  pressure 

The  initial  pressure  Px  varies  with  the  piston  speed,  the  re- 
lative size  and  form  of  the  passages,  and  with  other  factors.  At 
low  engine  speeds  it  is  generally  very  close  to  atmospheric  pres- 
sure or  14.7  pounds  per  square  inch,  while  at  normal  engine 
speeds  this  pressure  is  not  more  than  from  12  to  13  potmds  per 

square  inch.    The  ratio    --^    is  known  as  the  compression  ratio. 

As  regards  the  value  of  the  exponent  7,  this  has  been  de- 
termined from  actual  indicator  diagrams  and  has  been  found 
to  be  1.3  approximately.  Assuming,  for  example,  an  initial 
pressure  of  13  pounds  per  square  inch  and  a  compression  ratio 
of  4  to  I,  we  find  the  compression  pressure  to  be 

Z3  X  4^*'  sa  78.8  founds  absoiuts. 

Chart  I  herewith  instantly  gives  the  compression  pressure  for 
any  initial  pressure  from  12  to  15  pounds  per  square  inch,  and 
any  compression  ratio  from  3  to  5. 

It  is  obvious  that  the  compression  pressure  of  an  engine  of 
given  construction  is  not  fixed  but  varies. with  the  speed,  since 
the  speed  affects  the  degree  of  filling,  and,,  hence,  the  initial 
pressure.  In  giving  the  specifications  of  an  engine  it  is  better, 
therefore,  to  give  the  compression  ratio— the  ratio  of  the  volume 
of  piston  sweep  plus  the  compression  volume*  to  the  compression 
volume— as  this  is  fixed. 

Work  of  Compression — ^The  compression  of  the  charge  in 
the  compression  chamber  requires  the  expenditure  of  a  certain 
amount  of  work.    Let 

^  =  Cylinder  bore  in  inches; 
/=  Length  of  stroke; 
r  =  Ratio  of  compression. 
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Chart  I. 
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Then,  considering  the  compression  space  in  the  form  of  an  ex- 
tension of  the  cylinder,  its  height  will  be 

• 

r — I 

The  length  from  the  cylinder  head  to  the  piston  head  when  the 

latter  it  at  the  beginning  of  the  compression  stroke  is 

»  r— I      r  —  X 

■ 

Suppose  that  at  the  beginning  of  the  compression  stroke  the 
pressure  in  the  cylinder  is  P\.  The  total  pressure  against  the 
piston  from  the  inside  of  the  cylinder  then  is 


Fl&  6. — COMFSESSION   CUXVB. 

Now  consider  the  piston  to  be  at  a  distance  x  from  the  cylin- 
der head.    The  internal  pressure  then  is 

i*s 


'iM''"^^ 


-14. 


If  the  piston  is  now  moved  an  infinitesimal  distance  —  dx  to  the 
left  against  this  pressure,  the  work  done  will  be 
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This  is  a  di£Ferential  equation  of  the  form 

the  integral  of  which  is 

X 

y  =  a  — —  +  Constant, 

However,  since  we  integrate  in  this  case  between  limits,  tiie  con- 
stant vanishes.    The  limiting  values  of  x  are 

_i_  and -?:/-. 


r  —  I        r  —  z 
Hence 

//G-i) 

Since 

I  rl  \  »••  /  ri  \-*'»        rl  ^ 
V  —  1/  \r  —  1/  ""  r  —  X 

multiplying  the  part  outside  the  square  brackets  by 

and  dividing  the  part  inside  the  brackets  by  the  same  expres- 
sion, we  have 

"'•  =  T'a(^)[(^-"-]- 

which  may  be  simplified  to 

This  equation  gives  the  result  in  inch-pounds,  if  the  pres- 
sure P\  is  given  in  pounds  per  square  inch  and  b  and  /  are  given 
Ui  inches.  In  order  to  get  it  in  the  more  usual  foot-pounds,  we 
divide  by  12,  which  gives 

^— ^j^(^)  (f^^^-^foot^taunds (10) 

This,  of  course,  does  not  take  account  of  the  fact  that  the  atmoS' 
phere  presses  with  a  pressure  of  14.7  pounds  per  square  inch 
against  the  outside  of  the  piston,  and  thus  helps  to  compress  the 
gas.    The  amount  of  work  given  by  the  equation  would  be  re- 
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quired  to  compress  the  charge  if  the  cylinder  were  pfoced  in  a 
vacuum.  It  is  permissible  to  neglect  the  effect  of  the  atmoir 
pfaeric  pressure,  because  the  energy  thus  derived  during  the 
compression  stroke  must  be  expended  again  during  the  following 
expansion  stroke.  However,  if  it  is  desired  to  determine  the  net 
work  of  coinpression,  this  can  easily  be  done  by  subtracting  from 
the  result  of  equation  (lo)  the  energy  derived'  from  the  atmos- 
phere during  the  compression  stroke,  which  is 

y  ^  / 14,7  ^^_^^_T 

Work  of  ExfMintion— If  after  the  completion  of  the  compres- 
sion stroke  the  charge  is  allowed  to  expand  again,  the  work  done 
by  the  expansion  will  be  the  same  as  that  expended  in  compres- 
sing the  charge.  Equation  (10)  would  therefore  apply  to  the  ex- 
pansion as  well  as  to  the  compression  if  the  gas  were  expanded 
in  the  same  state  in  which  it  was  compressed.  However,  at  the 
end  of  the  compression  stroke  the  charge  is  burned,  whereby  its 
pressure  is  multiplied  several  times.  Calling  this  pressure  ratio 
a,  we  may  write  for  the  work  of  expansion: 

The  difference  between  the  work  of  expansion  and  the  work 
of  compression  is  evidently  the  useful  work  of  one  qrde  (neglect- 
mg  the  slight  loss  due  to  suction  and  exhaust  back  pressure). 
This  useful  work  of  one  cyde  is: 

'^•"^^iTT'C''"')     (^)     i^^-^  fo^tounds.... ill) 

This  equation  dearly  shows  the  effect  of  the  compression  ratio  r 
on  the  work  per  ^de^  and  consequently  the  variation  of  the 
output  of  an  engine  at  constant  speed  with  varying  compression. 
For  r=:3  the  expression 

(;^)   (r'^-x)  =0.585. 

while  for  r=z4 

(?=l)     (r      -x) -0.687. 

which  plainly  shows  the  increase  in  power  with  increasing  com- 
pression ratios. 

It  is  desirable,  however,  to  have  an  expression  for  the  work  of 
the  expansion  based  upon  the  pressure  in  the  cylinder  at  the 
beginning  of  the  expansion  stroke  (explosion  pressure),  rather 
than  upon  the  pressure  in  the  cylinder  at  the  beginning  of  the 
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compression  stroke.  Besides  this,  a  study  of  indicator  diagrams 
shows  that  the  exponent  7  is  somewhat  greater  for  the  expansion 
than  for  the  compression  and  may  preferably  t>e  taken  as  1.32 
Then,  since 

iPm  being  the  absolute  compression  pressure),  introduarg  the 
pressure  multiplying  factor  o  and  making  a  few  simplifications, 
we  may  write  equation  (8) : 

Dividing  the  part  outside  and  multiplying  the  part  inside  the 
brackets  by 

we  get 


^^^ir^a^  i-J—\  Fi  -  Uy^yooi'Pommds, 


.(*# 


^rst 


/r#- 


iSO' 


sas- 


/«o- 


Tf- 


MS- 


L. 


Fka    7.^l0BAL    DlAGKAM. 


THE  OTTO  CYCLE.  51 

Exhaust  and  Suction  Curves— Fig.  7  represents  ideal  cotn- 
,  pression  and  expansion  «:urves.  The  actual  curves  differ  slightly 
from  these  curves,  for  several  reasons.  Tn  the  first  place,  «he 
entire  gas  in  the  combustion  chamber  is  not  ignited  instantly, 
and,  therefore,  we  do  not  have  in  an  actual  diagram  a  straight 
vertical  line  P«  P*  making  very  distinct  junctions  with  the  com- 
pression and  expansion  curves.  If  the  ignition  spark  is  produced 
while  the  piston  is  a  the  end  of  the  stroke  the  line  P«  P«  will  he 
slightly  inclined  to  the  right,  but  in  order  to  convert  the  maxi- 
mum percentage  of  the  heat  energy  of  the  charge  into  useful 
vork  the  spark  must  occur  a  moment  before  the  piston  reachei* 
the  end  of  the  stroke.  The  result  of  this  is  that  toward  the  end 
of  the  compression  stroke  th«  compression  curve  assumes  a 
rising  inflectfon,  as  indicated  in  Fig.  8,  and  instead  of  joining 
the  vertical  ignition  line  sharply,  it  does  so  with  a  curve  of  con- 
siderable radius. 

Another  thing  which  modifies  the  form  of  the  diagram  is  the 
fact  that  the  expansion  cannot  be  continj^ed  in  the  cylinder  till 
the  end  of  the  expansion  stroke  and  the  exhaust  valve  remain 
closed.    It  must  be  remembered  that  the  exhaust  valve  does  not 


Flaa 

open  instantly  but  gradually,  and  if  it  began  to  open  only  at  the 
end  of  the  stroke,  the  piston  upon  the  beginning  of  the  exhaust 
stroke  would  encounter  a  back  pressure  practically  equal  to  the 
pressure  which  was  acting  upon  it  just  before  the  completion  of 
the  power  stroke.  There  would  be  a  very  considerable  back 
pressure  during  a  large  portion  of  the  return  stroke,  and  this 
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would  not  only  cause  a  very  considerable  loss  in  power,  but, 
owing  to  the  retention  of  the  hot  gases  in  the  cylinder,  would 
tend  to  overheat  the  cylinder.  For  this  reason  the  ex- 
haust valve  begins  to  open  when  about  seven-eighths  of  the 
power  stroke  is  completed,  and  the  pressure  in  the  cylinder  then 
drops  more  rapidly  than  it  otherwise  would.  This  takes  the  upper 
right-hand  comer  off  the  diagram,  as  shown  by  line  D  E,  Fig.  8. 

So  far  we  have  considered  only  the  curves  traced  by  the  pencil 
of  the  indicator  during  the  compression  and  expansion  strokes. 
When  the  piston  begins  the  exhaust  stroke,  and,  indeed,  through- 
out that  stroke,  the  pressure  in  the  cylinder  is  somewhat  above 
atmospheric  and  the  indicator  pencil  will  trace  a  line,  slightly 
curved,  a  little  above  the  atmospheric  line.  When  th^  motor  runs 
at  relatively  low  speed  the  exhaust  line  will  join  the  atmospheric 
line  at  the  end  of  the  stroke,  but  at  high  speed  it  will  then  still 
be  above  the  atmospheric  line,  and  for  this  reason  the  exhaust 
valves  in  high-speed  motors  are  held  open  a  little  longer  than 
the  end  of  the  exhaust -stroke.  During  the  first  part  of  the  fol- 
lowing inlet  stroke  the  pressure  in  the  cylinder  drops  fairly  rap- 
idly, partly  because  some  more  of  the  burned  gases  escape  and 
partly  because  the  space  occupied  by  the  gases  rapidly  increases. 
A  short  distance  from  the  beginning  of  the  stroke  the  pressure 
drops  below  atmospheric,  and  from  that  point  on  to  the  end  of 
the  stroke  there  is  a  suction  or  a  partial  vacuum  in  the  cylinder, 
the  suction  line  lying  below  the  atmospheric  line  and  being  gen- 
erally slightly  concaved  toward  the  atmospheric  line.  At  high 
speed  the  pressure  is  still  below  atmospheric  at  the  end  of  the 
suction  stroke,  and  the  inlet  valve  of  a  high-speed  motor  remains 
open  for  a  short  time  after  the  piston  begins  the  compression 
stroke,  because  the  remaining  difference  in  pressure  inside  and 
outside  the  cylinder,  together  with  the  inertia  of  the  inrushing 
column  of  charge  insures  a  continued  inflow.  From  the  begin- 
ning of  the  compression  stroke  the  pressure  in  the  cylinder  rises. 
The  pressure  line  soon  cuts  the  atmospheric  line,  and  then,  as  the 
compression  proceeds,  rises  at  a  constantly  increasing  rate,  as 
already  explained. 

When  the  motor  runs  at  relatively  low  speed  the  pressure  in 
the  cylinder  is  atmospheric  at  the  beginning  and  end  of  the  suc- 
tion stroke.  The  pressures  during  the  exhaust  and  suction 
stroke  are  so  small,  as  compared  with  the  pressure  of  explosion, 
that  it  is  necessary  to  draw  this  part  of  the  diagram  to  a  different 
scale  from  the  compression  and  expansion  curves,  in  order  to 
show  it  plainly. 


THE  OTTO  CYCLE. 


89 


Thermal  Efficiency— The  thermal  efficiency  is  the  ratio  of  the 
thermal  energy  actually  utilized  in  the  motor  to  the  total  amount 
of  heat  energy  supplied  to  the  gases.  In  the  form  of  an  equa- 
tion this  may  be  written : 

Energy  supplied  —  energy  discharged 

energy  supplied. 
Referring  to  Fig.  9,  let 
Ti  =  Absolute  temperature  of  the  gas  just  previous  to  ignition ; 
Ta^  Absolute  temperature  of  the  gas  after  ignition; 
TtB  Absolute  temperature  at  the  completion  of  the  expansion 

stroke ; 
r«s  Absolute  temperature  of  the  gas  as  it  is  drawn  into  the 
cylinder. 
The  heat  energy  being  supplied  to  the  gas  at  constant  vol- 
ume, its  value — considering  a  unit  quantity  of  gas — is  evidently 
^▼(^1 — ^i)-  The  energy  is  also  discharged  at  constant  volume 
at  the  end  of  the  expansion  stroke,  the  amount  so  discharcced 
being  C^  (  TJ  —  7i).    We  may  write,  therefore, 

_(7;—  7\)  CT-(r,-  7-0)  Ct, 


Tt-T, 


(13) 


^nkm^'%) 


I.. 


FI6.  9. 
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But  since  both  the  compression  and  expansion  are  adiabatic»  for 
which  form  of  compression  or  expansion 

TVy  "*=  Constant^ 


we  may  wnte 


hence 


■'I 
which,  substituted  in  (13),  gives 

T,     * —    • 

'  =* 7; -7-, 

Dividing  both  the  numerator  and  denominator  of  the  fraction  by 

Since  in  gasoline  engine  work  7  is  always  in  the  neighborhood 
•of  1.3,  we  may  finally  write 

'-'-©" <"> 

which  simple  equation  gives  the  theoretical  thermal  efficiency  of 
the  Otto  cycle  gas  engine.  This  equation  is  of  interest  in  that  it 
strikingly  shows  the  influence  cf  the  compression  ratio  on  the 
thermal  efficiency.  Thus,  for  instance,  with  a  compression  ratio 
of  3  the  theoretical  efficiency  is 

x-(i)-  =  o.=^x. 

and  with  a  compre^ion  ratio  of  4 

0.541 

and  with  a  compression  ratio  of  5 


-  cr- 


-(7) 


=0.383. 


Application  of  Formula. — ^We  will  now  work  out  a  practical 
example  with  the  aid  of  the  formulae  developed  in  the  fore- 
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going.  We  will  assume  an  engine  cylinder  «rltli  a  bore  h  » 
3.5  Inches  and  a  stroke  )  =  6  inches.  Let  the  compression 
ratio  r  be  4.6.  The  normal  speed  of  such  a  motor  is  gener- 
ally about  1,800  revolutions  per  minute,  which .  corresponds 
to  1,600  feet  piston  speed  per  minute.  It  has  been  found  that 
at  such  a  speed  an  engine  with  large  size  valves  properly 
timed  draws  in  about  68  per  cent,  of  its  displacement  volume 
of  air  per  cycle.  That  no  full  charge  is  drawn  in  is  due  to 
the  fact  that,  owing  to  wire  drawing  in  the  valve  passages, 
the  pressure  in  the  compression  space  will  not  be  reduced 
to  atmospheric  at  the  end  of  the  exhaust  stroke  and,  In  addi- 
tion, the  pressure  in  the  cylinder  will  not  quite  be  up  to 
atmospheric  at  the  end  of  the  inlet  stroke.  We  may  asaume 
that  the  initial  pressure  at  the  beginning  of  the  compression 
stTok?  is  12.$  lbs.  per  square  inch.  The  air  may  be  consid- 
ered to  be  at  62*  Fahr.  (»  623*  abs.).  The  compression 
pressure  then 'will  be 

12.6  X  4.5 18  =  89 
pounds  per  square  inch  absolute,  and  the  compression  tem- 
perature 

623  X  4.5  0.8  =  821 

degrees  absolute  or  360*  Fahr. 

The  ratio  in  which  the  pressure  is  multiplied  on  explosion 
varies  with  different  shapes  of  combustion  chamber,  and  also 
with  the  mixture  proportion,  but  may  be  taken  as  3.75  in 
this  case.    The  explosion  pressure  then  will  be 

8.76  X  89  =  333.7 

pounds  per  square  inch  absolute,  and  the  explosion  tempera- 
ture 

3.75  X  821  =  3,079*  ahs. 

The  ratio  in  which  the  absolute  temperature  is  multiplied 
is,  of  course,  the  same  as  the  ratio  in  which  the  absdlute 
pressure  is  multiplied,  eince  the  heat  is  imparted  to  the  gas 
at  constant  volume. 

The  work  of  expansion,  according  to  equation  (12),  is 

_-        3.1416  X  3.5*  X  S.76  X  89/  5  \     f.         /   1    \    •."  1 

^'  ^ UA \zz)  I     la ;      I 

=  ASB.7  ft.4bi.  ^ 

The  work  of  compression,  according  to  equation  (10),  is 

-_       3.1416  X  3.5*  X  12.6    ^22.5      ^  ^^ 

The  useful  work  per  cycle  is  therefore 

486.7  —  123.4  =  363.3  /«.-»«. 
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Since  at  1,800  revolutions  there  are   900  explosions,  the 

work  done  per  minute  is 

900  X  363.3  =  326.970  ftAba. 

Now,   one   mechanical   horsepower   is   equal    to   33,000   foot 

pounds  per  minute,  so  this  3.5  X  5-inch  cylinder  develops 

326,970 

33  000  ~  ^*^  indicated  h.p,  approximately. 

If  £?  per  cent,  is  allowed  for  the  loss   due  to  suction,  ex- 
haust hack  pressure  and  mechanical  friction,  we  get  for  the 

.T.^t  output 

0.8  X  9.9  =  7.9  brake  horsepower. 

This  is  just  about  what  would  be  expected  from  a  motor  of 

this  pize. 

The  piston  displacement  is 

3.5  X  3.5  X  5  X  3.1416       ^^  ^ 
2 =  48.1  ctt.  in. 

and  since  68  per  cent,  of  this  volume  of  air  is.  drawn  in  at 
eacn  suction,  the  amount  of  air  drawn  in  is 

0.68  X  48.1  =  32.7  cu.  in. 
The  amount  of  air  consumed  per  hour  is 

60  X  900  X  32.7 

j-^28 ==  ^*^^^  ^^'  '*•» 

which  weighs 

1,022   X   0.076  =  77.7  lbs. 

and  is  mixed  (if  we  assume  the  proportion  of  air  to  gasoline 

to  be  16:1)  with 

77.7 

-jg-=  4.85  lbs.  gasoline. 

Suppose  that  the  gasoline  is  of  0.74  specific  gravity.  Then, 
since  one  gallon  of  this  gasoline  weighs  6.18  lbs.,  and  since 
the  engine  develops  7.9  brake  horsepower,  the  gasoline  con- 
sumption per  brake  horsepower-hour  is 

4.85 
6.18  X  7.9^  ^'^  Oallon  (oppr.). 

Since  the  tiet  energy  developed  in  the  cylinder  during  the 
power  stroke  is  363.3  ft-lbs.,  and  the  stroke  Is  5/12  ft  long, 
the  total  mean  efFective  pressure  on  the  piston  is 

and  since  the  area  of  the  piston  head  is  9.62  sq.   n.,  the  unit 

mA.n.  is 

872 

g-— =  90.6  lbs.  p.  sq.  in. 

With  20  per  cent  friction  loss  this  gives  a  brake  nLe.p.  of 

0.8  X  90.6  =  72.5  lbs.  p.  sq.  in. — 
a  conservative  figure. 


CHAPTER  IV. 


CONVERSION    OF    RECIPROCATING    INTO    ROTARY 

MOTION. 

Number  of  Cylinders— For  power  generating  purposes  a 
single-cylinder  motor  offers  several  important  advantages.  It  is 
of  the  simplest  possible  construction,  inexpensive  to  manufacture 
and  more  economical  in  the  use  of  fuel  than  any  other  type. 
Along  with  its  advantages  it  possesses,  however,  two  inherent 
defects,  particularly  from  the  standpoint  of  its  use  in  automobile 
work,  for  which  reason  it  is  no  longer  employed  on  automo- 
biles. 

It  has  already  been  pointed  out  that  in  a  four-stroke  motor 
only  one  stroke  in  every  four  is  a  power  stroke;  between  suc- 
ceeding power  strokes  there  are  three  so-called  idle  strokes,  and 
during  one  of  these,  the  compression  stroke,  power  is  even  con- 
sumed by  the  motor.  In  order,  therefore,  to  keep  the  engine 
numing  at  a  fairly  uniform  speed  against  a  constant  or  nearly 
constant  resistance,  it  is  necessary  to  employ  a  heavy  flywheel  in 
which  some  of  the  energy  liberated  is  stored  during  the  expan- 
sion stroke,  to  be  given  out  again  during  the  three  following 
idle  strokes.  But  a  heavy  flywheel  is  not  desirable  on  a  car,  be- 
cause of  the  additional  weight,  which  consumes  fuel,  lessens  the 
speed  and  hastens  the  wear  of  the  tires.  Another  objectionable 
feature  of  the  single  cylinder  motor  is  its  lack  of  balance.  Vi- 
brations in  a  motor  are  due  to  the  reactions  of  the  explosion  and 
of  the  inertia  forces.  Now,  if  we  consider  a  motor  of  a  given 
output,  the  force  of  individual  explosions  is  necessarily  much 
greater  in  a  single-cylinder  motor  than  in  a  multi-cylinder  motor. 
Moreover,  in  a  single-cylinder  motor  the  entire  reciprocating 
mass  is  in  a  single  unit,  and  the  reactions  of  its  inertia  forces 
produce  a  strong  vibrating  effect,  while  in  a  multicylinder  motor 
the  reciprocating  mass  can  be  divided  into  several  units  so  ar- 
ranged as  to  move  in  opposite  directions  at  any  given  moment, 
thereby  neutralizing  the  inertia  effects. 

37 
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The  reciprocating  motion  of  the  piston  is  converted  into  rotary 
motion  of  the  crankshaft  by  means  of  an  intermediate  connecting 
rod.  TTie  connecting  rod  is  hinged  to  both  the  piston  and  the 
crankshaft.     Its  upper  end   reciprocates  in   harmony  with   the 


piston,  while  its  lower  end  rotates  with  the  crank  pin.  Before 
proceeding  with  a  discussion  of  crank  and  piston  motion  it  may 
be  well  to  state  a  few  fundamental  principles  which  apply  to 
these  problenu. 

Fnaduneatal  Relation*— Speed  is  the  quotient  of  the  dis- 
tance traveled  by  the  time  in  which  it  is  traveled.  If  the  speed 
is  constantly  varying,  its  momentary  vabie  can  be  found  by 
dividing  the  distance  d  x  traveled  in  an  infinitesimal  time  d  t 
by  d  t.    That  is,  the  speed  or  velocity 
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dx 

di 
Acceleration  is  the  quotient  of  a  velocity 
by  the  time  in  which  it  was  acquired. 
If  the  acceleration  is  not  constant  it 
is  necessary  in  determining  its  value  to 
take  an  infinitesimal  increase  in  velocity 
d  V  and  divide  it  by  the  time  d  t  in  which 
this  increase  in  velocity  accrued.  Hence 
acceleration 

_dv_d^x 
^"dt^dt* 
The    acceleration    of    a    body    requires 
the     expenditure     of    energy.      A     body 
in  motion  has  stored  up  in  it  a  certain 
amount  of  energy,  called  its  kinetic  energy, 
or  vis  viva,  and  this  energy  is,  of  course, 
imparted  to  it  when  it  is  set  in  motion. 
Gravity,  which  acts  on  a  body  with  a  force 
equal  to  its  weight,  imparts  a  velocity  of 
32.16  feet  per  second  to  it  in  one  second. 
The  unit  of  velocity  is  one  foot  pet  second, 
though  a  unit  of  one  foot  per  minute  is  also 
used    The  unit  of  acceleration  is  one  foot 
per  second  per  second.    The  unit  of  force 
generally  employed  in  mechanical  work  in 
this  country  is  the  pound.  Then,  since  a  unit 
of  force  acting  on  a  unit  mass  (one  pound)  accelerates  it  32.16 
feet  per  second  per  second,  and  since  the  acceleration  is  directly 
proportional  to  the  acting  force  and  inversely  proportional  to 
the  mass  acted  upon,  we  may  write 


F^  12. 


5i^ (rS)0TF=-^^ 

W  32.16 


(16) 


The  factor  32.16  is  known  as  the  acceleration  of  gravity,  and  is 
usually  denoted  by  g. 

Piston  Motion — ^In  studying  the  motions  of  the  different  parts 
of  an  engine,  it  is  generally  assumed  that  the  crank  pin  rotates 
at  a  uniform  speed.  This  supposition  is  nearly  correct  A  typical 
arrangement  of  the  piston,  connecting  rod  and  crankshaft  is 
shown  in  Fig.  10,  and  in  Fig.  11  these  moving  parts  are  repre- 
sented diagrammatically.    The  heavy  line  -^  represents  the  crank- 

2 

arm  and  the  heavy  line  n\  the  connecting  rod.    The  lengths  of 
these  lines  represent  the  "centre  to  centre"  distances ;  that  is.  in 
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the  case  of  the  crank-arm  the  distance  between  the  centre  of  the 
crankshaft  journal  and  the  centre  of  the  crank-pin,  and  in  the  case 
of  the  connecting  rod  the  distance  between  the  centre  of  the 
crank-pin  bearing  and  the  centre  of  the  piston-pin  bearing.  It 
will  be  seen  that  in  Fig.  1 1  the  crank-arm  has  moved  from  the 
upper  dead  centre  position  through  an  angje  9,  and  the  piston  has 
in  consequence  moved  down  a  distance  x  from  its  topmost  posi- 
tion. It  is  now  desired  to  find  the  relation  between  9  and  x,  so 
that  we  may  calculate  the  position  of  the  piston  corresponding  to 
any  position  of  the  crank,  as  well  as  the  speed  and  acceleration 
of  the  piston  corresponding  to  any  crank  position  and  a  given 
speed  of  rotation  of  the  crankshaft. 
Referring  now  to  Fig.  ii,  it  is  obvious  that 

x=3..(i-.cos9)+  m/(i  — cos  0)b* (17) 

But 

CM  0Bs^/i  — sin'  0 • (x8) 

and 

fiisin  0&=^-^siD^ ^ (xSa) 

2 

80  that 

which  substituted  in  (i8)  gives 


..^-^  -4  ^  *  /        sin*  • 

cos  0  =  4/   2_ • 

Inserting  this  value  of  cos  0  in  equation  (t7)  we  get 

x  =  -^(i-cos«)-H«/(2-y^x-5i5lfj (x9) 

This  cqtiation  enables  us  to  determine  the  portion  of  the  stroke 
completed  while  the  crank  is  in  any  position.  Now  assume  that 
the  ratio  n  of  the  connecting  rod  length  to  length  of  stroke  is  2, 
and  let  the  length  of  stroke  be  unity.  Then,  after  a  quarter  turn, 
when  ^-po"",  the  fraction  of  the  stroke  completed  will  be 

i  +  2(i— ^/i—  T^)  =  0.564. 

It  is  thus  seen  that  when  the  crank  has  turned  through  one- 
quarter  of  a  revolution,  more  than  half  of  the  stroke  is  com- 
pleted.  "The  piston,  therefore,  travels   faster  during  the  first 


*For  the  third  and  fourth  quadrants,  i.  c,  the  return  stroke,  if  angles 
^  to  the  left  of  the  axis  are  considered  negative,  the  second  half  of  this 
expression  should  be  preceded  by  a  —  instead  of  a  +  sign.  As  here  given 
the  eauation  applies  to  the  down  Stroke  only,  but  the  return  stroke  is  a  re- 
versed duplicate  of  this. 
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half  of  its  down  stroke  than  during  the  last  half;  similarly  it  may 
be  shown  that  it  travels  slower  during  the  first  half  of  the  return 
stroke  than  during  the  last  half.  In  Fig.  12  the  piston  is  shown 
in  the  maximum  speed  position,  with  the  connecting  rod  and 
crank  arm  in  the  corresponding  positions  for  both  the  down 
stroke  and  the  return  stroke. 

Piston  Speed— The  differentiation  of  equation  (19)  with  the 
object  of  deriving  an  expression  for  the  instantaneous  piston 
speed  involves  some  difficulties.  In  fact,  the  right-hand  member 
of  the  equation  can  be  differentiated  only  after  being  developed 
into  a  series — a  rather  complicated  proceeding.  But  the  difficulty 
can  be  got  around  without  serious  error  by  adding  to  the  ex- 
pression under  the  radical  the  term 

64  »* 
This  makes  that  expression  a  perfect  square,  and,  taking  the 

root,  we  have 


V 


,8in*^      sin*^       ,      8in"« 


64  If*         4  «•  8  «• 

Substituting  this  in  equation  (19),  we  get 

»=  t(x-.co«*)  +  »/(?^) (ao) 

2  \  8«'  / 

Differentiating,  we  find  for  the  momentary  piston  speed 

dx       I    ,     g,dO         I     .     a         adO 
If  =^-^--— sin  9  — 4.  — sm  9  cos^— -  • 
di      2  dt  ^4ff  dt 

But  since  the  angular  speed  of  the  crank  is  constant 

rf*       9      2vN 

dt^  f^    60 

radians  per  second,  N  being  the  number  of  revolutions  per  minute 
of  the  crank.  Substituting  this  value  and  dividing  by  13  to  get 
the  result  in  feet,  we  have 

z/as  idJL  (sin  ^  +  -^  •in  ^  cos  9]  feet  fer  second (21) 

720    \  2«  / 

From  this  equation  the  piston  velocity  corresponding  to  any 
crank  position  may  easily  be  found.  When  the  crank  is  in  the 
top  dead-centre  position  (^  =  0®),  and  in  the  bottom  dead  centre 
position  (^=180**),  and  sin  ^=0  the  speed  v  of  the  piston  is 
nil.  Starting  from  the  top  dead  centre  position  the  speed  of  the 
piston  increases  until  it  reaches  a  maximum  a  little  before  the 
crank  comes  to  the  quarter  position.  The  crank  position  corre- 
sponding to  maximum  piston  speed  may  be  found  by  placing  the 
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Fie.  13. — Piston  Speed  Plotted  Against  Piston  Travel. 
(N  =  1800  r.p.m.  —  /  =  5"  —  n  =  2) 
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Fig.  14.— Piston  Speed  Plotted  Against  Crank  Motion. 
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first  differential  coefficient  of  the  expression  in  parentheses  in 
equation  (21)  equal  to  zero.    THis  gives 

coi  ^  +  -  (cos"  0  — 8in««)=»o: 
2  n  cos  B  =  sin*  0  —  cos*  0 ; 


2fl 


tan*  ^  —  X ; 


cot  B 
2  «  =s  cos  0  (tan*  0  —  i). 

Owing  to  the  expedient  resorted  to  when  differentiating  the  ex' 
pression  for  the  momentary  position  of  the  piston,  this  last 
equation  is  not  absolutely  correct.  The  maximum  speed  posi- 
tion corresponds  with  the  position  for  which 

tan  0T=2  n, 
that  is,  when  the  crank  arm  and  connecting  rod  make  a  right 
angle.    The  parts  are  shown  in  this  position  in  Fig.  12 

tan^  =  *^  =  2ii. 

2" 

The  variation  of  the  piston  speed  during  the  course  of  one  revo- 
lution of  the  crankshaft  is  shown  graphically  in  Fig.  13,  for  a 
motor  of  3.5-inch  bore  and  5-inch  stroke  with  a  10-inch  connecting 
rod  and  running  I3OO  revolutions  per  minute. 

Piston  Acceleratioii — To  obtain  an  expression  for  the  piston 
acceleration,  we  again  differentiate  equation  (21),  but  before  doing 

this  we  can  simplify  this  equation  by  substituting   »ipg  $    f^j.  ^3 

2 
equivalent,  sin  0  cos  0,    This  gives  us 

v^^lL!}[  (sin  9  +  JL  Bin  2  0)  feet  per  second (22) 

720    \  4«  / 

Then 


dv      wlN 


/costf  +  J-cos2^)  ^• 
\  2  n  I   dt 


d  t        720 

As  before,  ^ is  eqnal  toii^=  1L^, 
dt      ^^  60  30 

and,  substituting,  we  have 

a  =8  Z I  cos  0  H cos  2  0  I  feet  fer  second  ter  second..{22) 

ax,6oo   \  2  n  / 

The  acceleration  is  a  maximum  when  0  -o,  as  cos  0  and  cos 
2  0  both  reach  their  maximum  value  of  i.  This  is  the  dead-centre 
position.  Starting  from  the  top  dead-centre  the  acceleration  de- 
creases and  it  becomes  nil  at  the  moment  the  piston  reaches  its 
maximum  speed.    It  is,  of  course,  self-evident  that  as  the  speed 


#  ' 
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ceases  to  increase  and  is  about  to  begin  to  decrease  there  must 
be  a  moment  of  no  acceleration. 
From  the  general  expression  for  the  force  of  acceleration, 

we  may,  by  inserting  the  value  of  the  acceleration  found  in  (23), 
derive  the  following  formula  for  the  force  of  acceleration  of 
engine  reciprocating  parts 

ti^ — 

g  21,600 

which  can  be  simplified  to 


(cos  ^  +  -^  cos  2^1  founds^ 
2n  I 


Fm=B 0.0000142  WIN*  (cos  9  +  —  cos 2  0 1  pounds (24) 

where  W  is  the  weight  of  the  reciprocating  parts  in  pounds.  / 
the  length  of  stroke  in  inches,  N  the  number  of  revolutions  per 
minute  and  n  the  ratio  of  connecting  rod  "centre  *to  centre" 
length  to  length  of  stroke. 

Weight  of  Reciprocating  Parts— The  inertia  force  is  op- 
posed to  the  force  of  explosion  and  materially  reduces  the  shock 
received  by  the  connecting  rod  and  crank  when  the  explosion 
takes  place,  when  the  motor  is  running  at  considerable  speeds. 
The  reciprocating  weight  W  includes  the  weight  of  the  piston 
and  rings,  the  piston  pin  and  about  one-half  of  the  weight  of  the 
connecting  rod.  If  an  engine  is  to  be  operated  at  high  speed 
these  parts  must  be  made  very  light  They  arc  made  much 
lighter  in  automobile  motors  than  in  slow  running  stationary  en- 
gines, ^and  still  lighter  in  racing  automobile  motors.  In  average 
automobile  practice  with  cast  iron  pistons  the  reciprocating  parts 
weigh  about  0.4  pound  per  square  inch  of  piston  head  area; 
with  aluminum  pistons  about  one-half  as  much. 

It  is  convenient  to  express  the  weight  of  the  reciprocating 
parts  in  terms  of  the  piston  area,  since  the  force  of  acceleration 
acts  in  opposition  to  the  expanding  gas  during  the  first  part 
of  the  power  stroke  and  adds  to  it  during  the  last  part,  and 
the  force  of  expansion,  as  obtained  from  the  indicator  or  mano- 
graph  diagram,  is  expressed  in  pounds  per  square  inch. 

The  gas-pressure  curve  represented  in  Fig.  IS  is  a  portion 
of  manograph  diagram  and  shows  a  maximum  pressure  of  300 
pounds  per  square  inch.  Now,  let  us  consider  a  motor  of  5 
inches  stroke  whose  reciprocating  parts  weight  0.45  pound  per 
square  inch.  It  is  required  to  find  the  force  of  inertia  at  dif- 
ferent points  of  the  stroke  and  the  resultant  pressure  on  the 
connecting  rod. 


CONVERSION  OF  RECIPROCATING  MOTION.      45 
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It  is  first  necessary  to  find  the  distance  the  piston  has  traveled 
irom  the  top  end  of  the  stroke  when  the  crank  has  turned 
through  different  angles  from  o  to  i8o°.  This  can  be  done  either 
by  the  construction  of  a  diagram — in  other  words,  graphically — 
or  the  values  caa  be  calculated  by  means  of  equation  (ig). 
The  values  thus  obtained  ate  given  in  the  second  column  of 
T^ble  L  The  piston  speeds  corresponding  to  different  crank 
angles  are  next  determined  by  means  of  equation  (33). 
Then  the  piston  acceleration  is  determined  by  means  of  equation 
(23),  and  finally  the  force  of  acceleration  by  means  of 
equation    (34).     All    of   the    values    obtained    are   given  in 
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Tabu  I. — ^Accklebatiom  Foicbs  im  ah  Ehgiitb  of  3.5-IifCH  Bots,  S-Ihck 
Stsoke,   Connkcting  Rod   Length    Twice  the  Stiokx  and   Re- 
cinocATiNG  Paxts  Weighing  0.45  Pound  Pen  Squaix 
Inch  of  Piiton  Head  Abba  at  1»800  b.p.m.  - 


Piston 

Piston 

Position 

Speed  (Feet 
Per  Min). 

egrcM. 

(Inches). 

y 

0 

0 

10 

0.048 

518 

20 

0.190 

995 

au 

0.415 

1,433 

40 

0.720 

1,762 

50 

1.047 

2,094 

60 

1.485 

2,295 

70 

1.925 

2,397 

80 

2.375 

2,421 

90 

2.815 

2,355 

100 

3.245 

2,220 

110 

3.635 

2,020 

12'J 

3.985 

1,785 

130 

4.292 

1,514 

140 

4.550 

1,224 

150 

4.745 

922 

160 

4.890 

616 

170 

4.^72 

307 

.^ 

5.000 

0 

Piston 
Acceler- 
ation (Feet  P. 
Sec.  P.  Sec). 

Force 
of  Acceler- 
ation (Pounds 
Per  Square  Inch). 

9,247 

129.5 

9,027 

126.3 

8,179 

114.3 

7,166 

100.2 

5,854 

81.8 

4,435 

62.0 

2,711 

37.9 

1,114 

15.6 

—  450 

—  6.3 

—  1,881 

—  26.3 

—  3,026 

—  42.4 

—  3,944 

—  55.2 

—  4,624 

—  64.7 

—  5,078 

—  72.4 

—  5,346 

—  74.7 

—  5,409 

—  77.5 

—  5,542 

—  77.6 

-5,548 

^77,6 

—  5,548 

—  77,6 

Table  I.  The  inertia  force  curve  is  now  drawn  in  in  Fig.  15. 
At  the  beginning  of  the  stroke  the  reciprocating  masses  must, 
of  course,  be  set  in  motion,  and  they  then  consume  some  of  the 
energy  of  the  expanding  charge.  When  the  crank  has  turned 
through  an  angle  of  about  76  degrees  the  piston  reaches  its 
maximum  speed;  thereafter  its  speed  decreases  and  it  returns 
the  energy  which  it  absorbed  during  the  first  part  of  the  stroke. 
By  combining  the  gas  pressure  curve  and  the  inertia  force  curve 
we  obtain  the  curve  of  the  resultant  pressure,  as  shown  in  Fig. 
15.  It  will  be  noticed  that  the  inertia  of  the  reciprocating  parts 
greatly  reduces  the  maximum  pressure  on  the  connecting  rod. 

In  the  same  way  that  we  plotted  in  Fig.  15,  the  resultant  pres- 
sure in  the  direction  of  piston  travel  for  the  power  stroke,  we 
may  plot  this  pressure  for  the  other  strokes.  In  doing  this  the 
gaseous  pressures  during  the  admission  and  exhaust  strokes  may 
be  neglected,  as  they  are  exceedingly  small  in  comparison  with 
the  inertia  forces  at  normal  speed.  The  pressure  of  the  gas  dur- 
ing compression  must,  however,  be  taken  into  account.  All 
forces  which  oppose  tho  motion  of  the  piston  are  considered 
negative  and  are  plotted  from  the  base  line  downward, 
while  all  forces  which  assist  the  piston  in  its  motion  -are  con- 
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siderea  positive  and  are  plotted  from  the  base  line  up.  In 
Fig.  i6  is  shown  such  a  diagram  for  a  complete  cycle,  the  as* 
stmiptions  being  the  same  as  for  Fig.  15.  Starting  with  the 
admission  stroke,  the  only  force  acting  is  that  of  inertia,  and 
since  this  is  a  down  stroke,  the  inertia  is  exactly  the  same  as 
for  the  power  stroke,  as  plotted  in  Fig.  15.  Exigencies  of 
space  made  it  necessary  to  use  in  Fig.  16  a  horizontal  scale 
half  as  large  as  in  Fig.  15. 

Next  comes  the  compression  stroke,  during  which  both  gas 
pressure  and  inertia  forces  are  acting.  Owing  to  the  fact  that 
this  is  an  up-stroke  the  inertia  force  diagram  is  the  reverse  of 
the  inertia  force  diagram  for  the  previous  stroke.  As  for  every 
other  stroke,  the  inertia  force  is  at  first  negative  and  toward 
the  end  positive,  lihe  gas  pressure  during  the  compression 
stroke  is  negative  throughout,  and  in  the  diagram  is  represented 
by  a  dash-dotted  line,  while  the  inertia  force  for  this  stroke  is 
represented  by  a  dotted  line.  The  resultant  of  the  two  forces 
is  represented  by  a  full  line. 

The  next  following  portion  of  the  diagram  is  an  exact  re- 
production of  Fig.  15,  except  that  the  horizontal  scale  is  only 
half  as  large.  During  the  last  stroke,  while  the  cylinder  is 
exhausting,  only  the  inertia  force  is  acting,  and  this  is  again  the 
same  as  during  the  compression  stroke.  The  curve  shown 
in  a  heavy  full  line  represents,  therefore,  the  variations  of  the 
effective  pressure  in  the  direction  of  piston  travel  throughout 
the  four  strokes  of  the  cycle. 

In  the  construction  of  the  inertia  curves  it  is  convenient  to 
make  use  of  a  table  of  "crank  angle  factors."  The  expression 
for  the  inertia  force,  viz.: 

0.0000x42  ^/JV'(cot^+ —OM a  tf)  pounds, 

tin 

may  be  considered  as  composed  of  two  parts,  one  including  the 
different  values  of  the  particular  engine  and  the  constant,  and 
the  other  depending  entirely  upon  the  position  of  the  crank, 
and  upon  the  ratio  of  the  connecting  rod  centre  to  centre  length 

to  the  length  of  stroke.     This  latter  factor    (cos^+    —  cos 

2  0)  we  will  call  the  "crank  angle  factor,"  and  its  values  for 
angles  from  zero  to  180  degrees  in  increments  of  10  degrees, 
and  for  values  of  the  ratio  n  from  i^  to  2^,  inclusive,  in 
increments  of  ^,  are  given  in  Table  II.  A  rather  peculiar 
feature  in  connection  with  the  crank  angle  factor  is  that  for 
values  of  n  above  2  the  factor  is  largest  for  o  and  180*  and 
smaller  for  all  intermediate  angles,  while  for  values  of  n  below 
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1 


2  the  factor  decreases  again  as  the  crank  angle 
approaches  i8o*;  in  other  words,  the  inertia 
force  reaches  its  second  maximum  some  time 
before  the  lower  dead  centre  is  reached. 

Crank  Moment — From  Fig.  i6  it  can  be  seen 
that  the  pressure  in  the  direction  of  piston  travel 
is  a  maximum  at  the  beginning  of  the  power 
stroke.    The  turning  effort  on  the  crank  at  that 
moment  is  nil,  however,  for  the  reason  that  the 
connecting  rod  and  crank  arms  are  then  in  line 
1^    with  each  other,  and  all  the  pressure  is  spent 
V^    in  producing  thrust  on  the  crankshaft  bearings. 
The  turning  moment  is  the  product  of  a  force 
into  the  perpendicular  distance  from  the  line  in 
which  the  force  acts,  to  the  centre  of  rotation, 
and  is  expressed  in  pounds-inches  or  pounds- 
feet. 

The  pressure  in  the  direction  of  piston  travel 

is  held  in  balance  by  two  other  forces,  viz.,  the 

pressure  acting  along  the  connecting  rod  and 

the  reaction  to  the  side  thrust  against  the  cylinder  wall.    Fig.  17 

is  a  so-called  parallelogram  of  forces,  in  which  these  various 

forces   are   represented     If   we    denote   the   pressure   in   the 


Tabli 

,  II. — Crank  Angle 

Factor 

OP  Inertia 

Force. 

iH 

iJi 

2 

2% 

aK 

»H 

*H 

©• 

X.286 

1.367 

X.350 

1.33s 

X.333 

1.3X1 

X.30 

«0«» 

1.254 

X.336 

1.330 

1.306 

X.X94 

1.183 

I.X73 

ao® 

1. 158 

1.144 

I.X3X 

X.X30 

1.1x0 

l.XOl 

X.093 

30* 

X.009 

0.999 

O.99X 

0.984 

0.977 

0.971 

0.966 

40» 

0.816 

0.8X3 

0.809 

0.807 

0.805 

0.803 

0.80X 

S0» 

0.593 

0.596 

0.599 

0.603 

0.604 

0.606 

0.608 

6o« 

0.357 

0.367 

0-375 

0.383 

0.389 

0.395 

0.400 

70* 

0.X34 

O.X38 

0.15X 

O.X63 

0.X73 

0.181 

0.189 

8o» 

—.095 

—.077 

— .o6x 

—  .047 

—.035 

— .034 

— .0x4 

90* 

—.286 

—.366 

— .350 

— .»35 

—  .323 

.310 

.300 

xoo® 

—.422 

—•4*5 

—409 

—•395 

—  •383 

—  .37* 

.363 

I«0O 

— .560 

-.546 

—.533 

—.533 

—  .51* 

—  .503 

—  •495 

lao* 

—.643 

—.633 

— .635 

—.618 

— .6x1 

.60s 

— .600 

i30« 

—.693 

— .689 

—.686 

—.684 

—.683 

.680 

—.678 

i40» 

-.716 

— .730 

—•7*3 

—•7*5 

—.737 

—  .739 

—.731 

150® 

—.723 

—•733 

—  .741 

—•748 

—•755 

.761 

—.766 

i6o<» 

—,7^2 

—.736 

—.749 

— .760 

—.770 

—  ■779 

—.787 

170' 

—.717 

—•734 

—.750 

—.764 

—.776 

—.787 

—•797 

i8oO 

—.714 

—•734 

—.750 

—•76s 

—  .778 

—.790 

— .800 
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Fig.  i8. 


Fig.  i8a. 


direction  of  piston  travel  by  Pp  the  pressure  acting  alon^  the 
connecting  rod  by  Po  and  the  side  thrust  reaction  of  the  cylinder 
wall  by  Pa,  then,  obviously, 

Pp 

Po=  (25) 

COS0 

and 

P»  =  Pp  tan  0 (25A) 

In  Figs.  18  and  i8a  are  shown  two  diagrams  of  the  crank 
and  connecting  rod  with  the  crank  at  an  angle  ^  beyond  the 
top  dead  centre,  which  angle  is  less  than  76^  in  Fig.  18  and 
more  than  76**  in  Fig.  i8a.  The  lever  arm  through  which  the 
force  Fo,  acting  along  the  connecting  rod,  attacks  the  crank  is 

/ 
OC=z  —  cos  o. 
2 


CONVERSION  OF  RECIPROCATING  MOTION.       61 
Bat 

ia  Ftg.  z8  and 

in  Fig.  i8A,  hence,  generally, 

and,  since  the  cosine  of  an  angle  is  equal  to  the  sine  of  its 
complement, 

cos  •  S3  d:  sin  (tf  +  ^  ) %q6) 

and 

lcos«  =  ±i-8iii(#+  H 
2  a 

which  may  be  written  in  the  form 

=tjL(siD#co6  0+coa^sin^) 

a 

Multiplying  the   force  by  the   lever  arm   through   which  it 

acts,  we  get  for  the  turning  moment 

PI 

M^ H—  vx  -.(sin  6  cos  ^  +  cos  ^  sin  0)  ss 

cos  0  '^  a 

^^/'sin^  +  cos  «?!i:^\ *. (»7) 

a     \  COS0/ 

Referring  again  to  Fig.  i& 

'-:«  wi  =  »i"  * 
sin  9  ^ 

ait 

and 

cas0  =.4/r^l5!5!I=x«!iBL? 

(approximately).    Consequently, 

sin  ^ 
sin  0  2M  4 « sin  ^  , 

CO8  0  giB«    tf*™  8  If '—sin** 

*  ""    Sit* 
Substituting  in  (27)  we  get 

iI/=  ^pj /«n  #  +  ±!L~?ijE?5l\ (2« 

2    \  8/*«  — sin**  / 

This  equation  gives  the  turning  moment  per  square  inch 
of  piston  head  area  in  pounds-inches.  It  is  usually  desired, 
however,  to  get  the  total  turning  moment  expressed  in  pounds- 
feet,  and  to  this  end  the  value  for  M  in  equation  (28)  has  to  be 
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multiplied'  by  the  piston  head  area  and  divided  by  12.  This 
gives  for  the  total  crank  turning  moment 

j|/t=  -r---»'    (sin  ^+2--- --^--.\  pounds-feet (29) 

96       \  8  «'  —  sm'  9  / 

which  equation  enables  us  to  determine  the  value  of  the  turn- 
ing moment  on  the  crank  for  any  angular  position.  In  this 
equation  sin*  0  is  quite  small  as  compared  with  8»',  and  it 
may  be  neglected  in  approximate  calculations,  in  which  case 
the  equation  can  be   reduced   to  the   simple   form 

Mx  =  i*!Z^P  /.in  6  +  •!5±^\  foundi-ftet. 

The  moment  is  nil  for  ^=0  degrees  and  180  degrees,  as  in 
both  of  these  cases  sin  ^  =  0.  It  reaches  a  maximum  toward 
the  end  of  the  first  quarter  revolution.  For  ^=90  degrees,  cos 
^=0  and  the  second  part  of  the  term  in  parentheses  vanishes. 
The  turning  moment  on  the  crank  is  then  equal  to  the  prod- 
uct of  the  pressure  on  the  piston  into  the  length  of  the  crank- 
arm — 

M^  ^-^^If^  pounds-feet. 
96 

If  we  divide  ^he  turning  moment  by  the  length  of  the  crank- 
arm  we  get  the  tangential  effort  F%.    Hence 

Ft  = ?.  I  SI  n  ^  +  ^-- ^—-  )  pounds (30) 

For  ^  =  90®  we  have 

Ft  = Pp  pounds. 

4 
The  motion  of  the  crank  pin  is  then  for  a  moment  parallel 

to  the  motion  of  the  piston  and  since,  owing  to  the  connecting 

rod  connection,  their  distance  apart  cannot  change,  they  must 

travel  at  the  same  speed,  and  the  pressures  on  them   in  the 

vertical  direction  must  be  the  same. 

In  Fig;.  19  is  shown  a  crank  moment  diagram  for  a  single 
cylinder  motor  of  3J^  inches  bore,  5  inches  stroke,  10  inches  con- 
necting rod  length,  0.45  pound  reciprocating  weight  per  square 
inch  of  piston  head  area  and  indicating  a  compression  pressure 
of  about  70  pounds  per  square  inch  gauge  and  an  explosion 
pressure  of  300  pounds  per  square  inch. 

In  drawing  a  diagram  of  this  kind  it  is  convenient  to  make  use 
of  a  table  of  crank  angle  factors  for  crank  pin  turning  moment, 
like  Table  III.  This  table  gives  the  values  of  the  expression 

^  8  «»  —  sin»  9 
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Tablx  III. — Cbank  Angle  Factob  or  Cbank  Momutt. 


B 

iM 

i» 

a 

aH 

aji 

'H 

aH 

0® 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

I0« 

o.aJ3 

0.330 

0.317 

0.314 

0.3X3 

0.3X0 

o.aoS 

20» 

0.43S 

0.438 

0.433 

0.4x8 

0.4X4 

0.4x0 

0.407 

30» 

o.6a6 

0.617 

0.610 

0.603 

0.598 

0.593 

0.588 

40» 

0.788 

0.778 

0.769 

0.761 

o.7Sa 

0.748 

0.743 

50» 

0.9x3 

0.900 

0.894 

0.886 

0.879 

0.873 

0.868 

6o» 

1. 177 

0.988 

0.980 

0.973 

0.966 

0.957 

0.955 

70* 

1.038 

Z.03I 

1.035 

Z.019 

1.0x5 

x.oxx 

1.007 

8o» 

1.037 

1.033 

1.030 

i.oaS 

t.035 

1.033 

1.031 

po* 

I. 

I. 

I. 

X. 

I. 

I. 

I. 

lOO® 

0.933 

0.936 

0.939 

0.943 

0.945 

0.947 

0.949 

no® 

0.843 

0.849 

0.857 

0.860 

0.865 

0.869 

0.873 

lao* 

0.735 

0.74s 

0.7S3 

0.759 

0.766 

0.771 

0.776 

130® 

0.6J4 

0.639 

0.638 

0.646 

0.653 

0.659 

0.665 

140® 

0.497 

0.508 

0.517 

0.534 

0.531 

0-537 

0.54a 

150® 

0.377 

0.383 

0.390 

0.397 

0.40a 

0.408 

0.413 

i6o» 

0.350 

0.353 

0.361 

o.a66 

.  0.370 

0.374 

0.377 

170® 

0.135 

0.137 

0.130 

0.133 

0.135 

0.137 

0.139 

i4o® 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

i>f  equation '(29).  From  a  diagram  similar  to  Fig.  16,  we  obtam 
the  piston  pressure  Pp  for  any  crank  angle.  This  we  multi- 
ply by  the  area  of  the  piston  head 

3.5X3.5X3.1416       n^o  •    x. 

■     ^      />  —  9.62  square  inches, 

4 

and  then  multiply  by  the  value   of   -i-fviz.,   2.5   inches,   and 

a 

divide  the  result  by  12  in  order  to  obtain  the  final  result  in 
pouiids-feet  The  result  obtained  is  multiplied  by  the  crank 
angle  factor  obtained  from  Table  III,  and  the  values  thus  ar- 
rived at  are  plotted  as  ordinates  in  a  co-ordinate  diagram  with 
the  crank  positions  as  the  abscissas.  It  will  be  observed  that, 
starting  from  the  beginning  of  the  admission  stroke,  the  crank 
turning  moment  is  negative  until  the  crank  has  turned  through 
about  76*;  then  it  becomes  positive  and  remains  so  until  the 
end  of  the  stroke.  During  the  first  part  of  the  compression 
stroke  for  about  107  degrees  of  crank  motion  the  turning  mo- 
ment is  negative  again ;  then  it  becomes  positive,  and  just  before 
the  end  of  the  compression  stroke,  as  the  compression  pressure 
overpowers  the  inertia  force,  it  becomes  momentarily  negative 
again.  During  the  whole  of  the  power  stroke  the  turning  mo- 
ment is  positive.  At  about  the  middle  of  the  power  stroke 
there  is  a  peculiar  dip  in  the  curve.  This  is  due  to  the  fact 
that  as  the  crank  approaches  the  90^  position  there  is  a  con- 
sid  arable  increase  in  the  piston  pressure,  owing  to  the  reversal 
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of  the  inertia  force,  while  the  gas  pressure  and  crank  angle  are 
nearly  constant.  During  the  last  stroke,  while  the  engine  is 
exhausting,  only  inertia  forces  are  acting,  and  the  crank  pin 
turning  moment  is  negative  during  the  first  part  and  positive 
during  the  last  part. 

Fig.  20  is  a  crank  moment  diagram  for  a  two  cylinder  motor  of 
dther  the  opposed  type  or  of  the  twin  type  with  both  pistons 
working  on  a  single  crank  ptn.  In  both  of  these  engine  types 
the  explosions  occur  at  equal  intervals  of  one  revolution,  and 
both  of  the  pistons  start  simultaneously  on  corresponding  strokes. 
The  curve  of  Fig.  ao  is  based  on  the  assumption  that  both  cylic- 


Crani  Jfefign  tn  Ptifrtn- 
Fig.  ao. — Two-Cvlinder  Csank  MoMEt 


Diagram. 


ders  are  of  3.5  inch  bore  and  5  inch  stroke,  and  the  other  assump- 
tions are  the  same  as  in  the  previous  example.  In  such  two  cyl- 
inder motors  the  power  strokes  are  separated  by  only  a  single 
idle  stroke.  It  will  be  seen  that  the  maximum  turning  moment 
ia  only  a  little  greater  than  in  the  case  of  a  single  cylinder  motor, 
although  the  power  and  the  average  turning  moment  are  twice  as 
great  The  maximum  negative  turning  moment  is,  however,  also 
about  twice  as  great  in  the  two  cylinder  as  in  the  single  cylinder 
motor.  The  best  criterion  of  the  relative  uniformity  of  turning 
moment  is  undoubtedly  the  ratio  of  the  total  turning  n 
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range  to  the  average  turning  moment.  This  is  about  8.5  in  the 
case  of  the  single  cylinder  motor  and  about  6£  in  the  case  of 
the  double  cylinder  motor. 

Fig.  21  is  the  turning  moment  diagram  of  a  four-cylinder 
motor  of  3.5  inches  bore  and  5  inches  stroke.  Under  the  assump- 
tions here  made  the  turning  moment  reverses  in  direction  at  the 
beginning  of  each  stroke  and  also  76  degrees  farther  on.  With 
light  reciprocating  parts  or  at  lower  speed  there  may  be  no 
reversal  of  the  turning  moment,  though  the  latter  must  neces- 
sarily always  be  nil  at  the  beginning  of  »  stroke.  The  ratio  of 
the  total  turning  mcsnent  range  to  the  average  turning  moment 


Fig.  21.— Chahk  Moment  Diagbau  op  Four  Cvlindes  Motor. 

is  5.  This  diagram  very  strikingly  shows  the  effect  of  the  inertia 
of  the  reciprocating  parts.  Although  the  gas  pressure  in  the 
cylinder  is  far  greater  during  the  first  half  of  the  down  stroke 
than  during  the  last  half,  the  turning  moment  on  the  crank  is 
negative  during  the  first  half  of  the  stroke,  and  attains  its  maxi- 
mum value  during  the  last  half,  at  about  130  degrees  from  the 
top  dead  centre. 

In  Fig.  22  are  shown  the  turning  moment  diagrams  of  six, 
eight  and  twelve-cylinder,  288  cubic-inch  engines.  In  the  case  of 
the  six-cylinder,  the  ratio  of  the  maximum  turning  moment  range 
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to  the  average  turning  moment  is  1j63.  Of  course,  these  dif- 
ferent factors  of  turning  moment  fluctuation,  viz.,  8.5  for  the 
single  cylinder,  6.8  for  the  double  cylinder,  5  for  the  four-  cylin- 
der, and  1.63  for  the  six-cylinder  motor,  apply  strictly  only  if 
the  assumptions  here  made  regarding  gas  pressure  variation, 
weight  of  reciprocating  parts  and  relative  length  of  connecting 
rod  hold  true,  but  the  factors  would  be  very  nearly  the  same 
for  any  practical  automobile  motor,  and  the  above  figures  may 
well  be  taken  as  indices  of  the  relative  uniformity  of  turning 
moment  in  motors  with  various  numbers  of  cylinders.  In  the 
eight-cylinder  type  engine  the  ratio  of  maximum  variation  to 
average  turning  moment  is  about  0.58,  thus  showing  a  further 
improvement  over  the  six-cylinder  engine.  The  eight-cylinder 
compares  even  more  favorably  with  the  six  in  this  respect  when 
low  speed  turning  moments  are  considered.  Finally,  in  the 
twelve-cylinder  or  twin  six  motor  the  ratio  of  maximum  varia- 
tion to  average  turning  moment  is  only  02  and  the  torque  is 
nearly  constant. 

The  crank  moment  diagrams  may  also  be  made  to  serve  as 
crank  effort  diagrams  by  suitably  dividing  the  vertical  scale. 
Since  the  crank  arm  in  all  the  foregoing  examples  is  2^  inches=- 
0.208  ft.,  the  tangential  effort  in  pounds  on  the  crank  pin  for  any 
angular  position  of  the  crank  is  equal  to  the  corresponding 
crank  moment  in  potmds-feet  divided  by  0.206.  However,  to  get 
the  full  pressure  on  the  crank  pin  it  is  necessary  to  combine  the 
effort  thus  found  with  the  centrifugal  force  on  the  connectinir 
rod  head  and  lower  part  of  the  shank,  which  can  be  done  graphi- 
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.  BALANCING    OF    KNGINES. 

There  are  four  possible  causes  of  vibration  in  a  gasoline  motoi, 
viz.: 

(1)  Unbalanced  rotating  parts. 

(2)  Unbalanced  reciprocating  parts. 

(3)  Torque  reaction. 

(4;    Torsional  flexibility  of  the  crankshaft 

Aside  from  the  flywheel,  which  when  properly  made  is  per- 
fectly balanced,  the  only  rotating  part  of  considerable  hiertia 
is  the  crankshaft.  If  an  ordinary  single  throw  crankshaft  is 
rotated  at  considerable  speed,  the  centrifugal  force  acting  on 
it  is  transmitted  to  the  engine  frame  and  always  tends  to  dis- 
t>lace  the  engine  in  the  direction  in  which  the  crank  arms  are 
pointing  at  the  moment.  Since  the  crank  arms  are  **otating  uni- 
formly, the  general  effect,  if  the  engine  were  absolutely  free, 
would  be  to  displace  its  crankshaft  centre  line  in  a  circle.  The 
rigid  connection  of  t^e  engine  to  the  chassis  frame,  as  well  as 
the  more  or  less  flexible  connection  of  the  latter  to  the  axles  and 
wheels,  materially  modifies  and  reduces  the  amplitude  of  the  re- 
sulting vibration,  but  does  not  eliminate  it  entirely. 

Crankshaft  Balance— To  obviate  such  vibration  the  crank- 
shaft must  be  balanced;  that  is,  it  must  be  provided  with  counter 
weights  extending  from  it  radially  in  the  opposite  direction  from 
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the  crank  arms,  so  proportioned  that  if  the  crank  is  placed  on  a 
pair  of  steel  balance  ways  it  will  remain  in  any  position  in 
which  it  is  placed.  (See  Fig.  23).  Cranks  with  more  than  one 
throw,  in  which  the  throws  are  symmetrically  distributed,  are 
.inherently  balanced  if  carefully  made,  with  all  crank  arms  of 
exactly  like  dimensions,  except  for  the  fact  that  the  radial  cen- 
tre lines  of  the  arms,  etc.,  on  one  side  of  the  crankshaft  may  not 
coincide  with  the  radial  centre  line  of  the  arms  on  the  other 
side.  This  occurs  in  the  double  throw  crankshaft  of  two  cylinder 
motors,  and  produces  a  slight  rotating  couple.  In  most  practical 
cases  this  can  be  neglected,  but  if  great  stress  is  laid  upon  the 
best  possible  balance,  such  cranks  can  also  be  provided  with 
balance  weights  or  counterweights  opposite  each  short  crank 
arm. 

The  balancing  of  the  rotating  parts  presents  no  particular 
difficulty  in  any  type  of  engine,  being  merely  a  matter  of. 
care  in  construction.  The  reciprocating  parts,  however,  are 
not  so  easy  to  deal  with.  Considering  first  the  case  of  the  single 
cylinder  motor,  its  reciprocating  parts  might  be  balanced  by 
outside  weights  connected  to  the  crankshaft  in  such  a  manner 
as  to  be  moved  at  every  instant  at  the  same  speed  as  the  engine 
piston  but  in  the  opposite  dlrectlbn.  There  should  be  two  such 
weights,  one  on  either  side  of  the  motor,  ^ch  equal  to  half  the 
weight  of  the  reciprocating  parts.  Such  an  arrangement  is  not 
practical,  however,  because,  rather  than  complicate  a  single 
cylinder  motor  in  this  way,  any  designer  would  prefer  to  adopt 
a  multicylinder  motor. 

Reciprocating  Masses— It  is,  however,  possible  to  paiily 
balance  a  reciprocating  mass  by  a  revolving  mass.  This  may  be 
explained  as  follows:  A  revolving  mass  is  acted  upon 
by  a  radial  force  (centrifugal  force) 

J!'^  1.226  WN*r pounds (3x) 

where  W  is  the  weight  in  pounds,  N  the  number  of  revolutions 
per  second  and  r  the  radius  in  feet.  Such  a  rotating  force  can 
be  decomposed  into  two  forces  at  right  angles  to  each  other. 
We  will  decompose  it  into  a  vertical  and  a  horizontal  component. 
Referring  to  Fig.  24,  \tt  O  A  represent  the  force  in  magnitude 
and  momentary  direction.    Then  the  vertical  component 

OB^  OA  CCM0 
and  the  horizontal  component 

BA=^OABin0 
When  *  =  o.  that  is  when  the  weight  is  directly  above  the  centre 
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Fto.  24. 


Fig.  25. 


of  rotation,  the  vertical  component  is  equal  to  the  total  force  and 
the  horizontal  component  is  nil.  The  same  when  the  weight  is 
directly  below  the  centre  of  rotation,  when  ^=180  degrees.  Each 
of  the  components  can  be  represented  by  a  sine  curve;  that  is,  a 
curve  whose  abscissas  represent  angles  and  whose  ordinates  are 
proportional  to  the  sines  of  the  angles  represented  by  the  corre- 
SDondinK  abscissas.    (See  Fig.  25.) 

Single-Cylinder  Motor. — ^We  found  the  expresBion  for  the 
inertia  force  du^  to  the  reciprocating  parts  to  be  (equation 
24) 


OrankJ^oiion  in  Degrreea. 


J€0 


Fig  26. — Primary  and  Secondary  Components  of  Inertia 

Force. 
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Fa  =  0.0000142  Wiy^  {C08  0  -|-2^co«  2  e). 
It  will  be  observed  that  the  factor  enclosed  in  parentheses  is 

made  up  of  two  terms,  viz.,  coa  9  and  2^   cos  2  9.    Each  of 

these  terms  when  plotted  forms  a  sine  cunre,  as  shown  in 
Fig.  26.  It  will  be  seen  that  the  second  term  is  of  twice 
the  frequency  as  the  first;  that  is,  during  a  given  time  it  passes 
through  zero  and  through  its  maximum  value  twice  as  often 
as  the  first  term.  The  first  term  in  the  parentheses  multi- 
plied by  the  factors  outside  the  parentheses,  viz., 

0.0000142  WIN '  COS.  9, 

is  known  as  the  primary  unbalanced  force,  and  the  second 
term  multiplied  by  the  factors  outside  the  parentheses,  viz., 

0.0000142  WIN  *  008  2  Q 
2n 

is  known  as  the  secondary  unbalanced  force.  With  an  infi- 
nitely long  connecting  rod  the  latter  would  vanish. 

In  a  single-cylinder  engine  the  primary  unbalanced  force 
can  be  partly  balanced  (or  be  reduced  in  value)  by  means 
of  rotating  balance  weights  connected  to  the  crank  arms,  as 
shown  in  Fig.  23.  Consider  a  single-cylinder  motor  of  3^- 
inch  bore  by  6-inch  stroke  with  reciprocating  parts  weighing 
0.45  lb.  per  square  inch  of  piston  head  area.  The  maximum 
value  of  the  primary  unbalanced  force  o^  such  a  motor  is 
0.0000142  X  0.45  X  5  X  1,800  X  1*800  =  104  lb8.  p.  «g.  in. 
This  gives  for  the  entire  reciprocating  weight. 

9.62  X  104  =  1,000  lb8. 

maximum  primary  inertia  force.  If  we  provided  the  crank  with 
a  balance  weight,  such  that  at  1,800  revolutions  per  minute  the 
centrifugal  force  on  it  were  equal  to  1,000  pounds,  the  vertical 
component  of  this  force  would  substantially  balance  the  inertia 
force  of  the  reciprocating  parts,  but  we  would  then  have  an  equal 
horizontal  component  left  with  nothing  to  balance  it.  The  net 
result  of  this  arrangement  would  obviously  be  to  transform  the 
vertical  reciprocating  force  into  a  horizontal  one,  whereby  nothing 
would  be  gained.  But  if  we  provide  the  crankshaft  with  such 
a  weight  that  the  centrifugal  force  is  only  half  the  inertia  force 
of  the  reciprocating  parts,  then  the  latter  will  be  reduced  by  one- 
half  and  a  horizontal  component  equal  to  it  will  be  introduced. 
The  maximum  unbalanced  force  is  therefore  halved,  and  the 
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amlplitude  of  the  vibrations  will  also  be  halved.  In  our  ex- 
ample, considering  the  balance  weight  to  be  centralized  at  crank 
arm  length  from  the  center  of  rotation,  the  necessary  weight  can 
be  calculated  from  equation  (31),  which  can  be  transformed  so 
as  to  read 


W  = 


1.226  N*r 
Substituting 

W  = ^^^ =  «8 

1.226  X  30  X  30  X  0.208 


and  one-half  of  this  is  2.19  pounds.  This  weight  is  additional  to 
that  required  for  balancing  the  crank.  The  total  balancing  weight 
would  be  divided  into  halves  and  each  half  secured  to  one  of  the 
crank  arms.  In  practice  the  balance  weights  are  designed  with 
the  greater  part  of  the  weight  as  far  as  possible  from  the  axis, 
as  it  is  not  the  weight  but  the  moment  of  the  weight  around  the 
axis  that  counts. 

Torque  Reaction — ^The  third  cause  of  vibration  is  the  torque 
reaction.  When  the  connecting  rod  impresses  a  certain  turning 
moment  upon  the  crankshaft,  the  side  thrust  of  the  piston  against 
the  cylinder  wall  causes  an  equal  and  opposite  moment  to  be 
impressed  upon  the  engine  frame.  This  can  easily  be  shown 
algebraically,  but  it  is  self-evident,  since,  according  to  the  laws 
of  mechanics,  action  and  reaction  are  always  equal  and  opposite. 
The  only  way  in  which  this  cause  of  vibration  can  be  eliminated 
is  by  having  two  equal  engines  side  by  side,  in  a  single  block 
and  turning  synchronously  in  opposite  directions  by  being  geared 
together.  This  solution  of  the  problem  was  repeatedly  suggested 
in  the  early  years  of  automobile  history,  but  was  never  applied  to 
any  extent.  It  was  thought  preferable  to  use  multicylinder  en- 
gines, thus  reducing  the  si/e  of  the  individual  cylinders  and  the 
power  of  the  individual  explosions.  The  fluctuations  in  the  turn- 
ing moment  will  then  be  much  smaller.  It  must  be  remembered 
that  what  causes  vibration  is  not  an  unbalanced  force  but  the 
fluctuations  of  such  a  force.  A  steady  uniform  turning  moment 
might  twist  the  motor  slighlty  out  of  its  normal  position,  but 
the  engine  would  remain  in  that  position  as  long  as  the  torque 
was  maintained  and  there  would  be  no  vibration.  But  if  the 
moment  varies  periodically,  or  even  changes  in  direction,  then 
the  motor  will  move  back  and  forth,  or  vibrate. 
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Amplitade  of  Vibration — ^A  vehicle  motor  may  be  consid- 
ered secured  rigidly  to  the  vehicle  frame  and  the  latter  supported 
freely  upon  the  vehicle  springs.  That  is,  the  resistance  which 
determines  the  amplitude  of  the  vibration  is  simply  the  inertia 
of  the  forward  part  of  the  chassis.  We  found  that  in  our  single 
cylinder  3.5x5  inch  engine  there  is  an  upward  thrust  of 

9.62  X  1293  =  1240  pounds 

on  the  engine  frame  due  to  the  inertia  of  the  reciprocating  parts. 
As  the  piston  descends  this  force  decreases^  but  at  any  point  up 
to  that  of  maximum  piston  speed  the  engine  frame  is  pulled  up 
with  the  same  force  with  which  the  piston  is  pulled  down,  be- 
cause action  and  reaction  are  equal  and  opposite.  If  we  call 
this  force  F,  the  weight  of  the  reciprocating  parts  w,  the  weight 
of  the  forward  part  of  the  chassis  W,  the  velocities  of  the  two 
V  and  y  respectively!  then 

w 
and 

Hence, 

y     w 

and,  since  the  time  of  motion  is  the  same  for  both  and  the 

py 
velocities  always  bear  the  same  ratio  —  *  it  follows  that  the  ratio 

V 

of  the  distances  moved  by  the  reciprocating  parts  and  the  engine 
frame 

jD      w 

In  our  example,  since  the  reciprocating  parts  weigh 

9.62  X  0.45  =  4.35  poMinds 
and  they  travel  about  2.3  inches  before  their  acceleration  ceases, 
if  we  assume  that  the  forward  part  of  the  car  weighs  400  pounds, 
then  it  will  be  thrown  up 

^X  2.3  =  0.025 
400 

or  less  than  1^  inch. 

It  can  also  be  proven  that  the  reaction  of  .the  torque  M  will 
cause  a  point  located  a  distance  r  from  the  centre  of  the 
crankshaft  to  be  displaced  a  distance 

4/ 
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where  t  is  the  time  in  seconds  the  torque  M  acts  and  /  the  mo- 
ment of  inertia.  But  since  probably  no  one  has  any  idea  ot 
the  magnitude  of  the  moment  of  inertia  of  the  frame  with 
motor  and  body,  around  the  crank  shaft  centre  line,  this  fonnula 
is  merely  of  academic  interest. 

Two  Cylinder  Motor — Considering  next  the  two  cylinder 
motor,  the  only  type  that  has  been  used  to  any  extent  for 
automobile  work  is  that  in  which  the  cylinders  are  located  hori- 
zontally on  opposite  sides  of  the  crankshaft,  the  latter  having 
double  throws.  Although  such  motors  have  been  made  with  two 
cylinders  exactly  in  line  with  each  other,  generally  they  arc 
slightly  displaced  sidewise  with  relation  to  each  other.  Since* 
the  two  pistons  start  simultaneously  from  the  outer  end  of  the 
stroke  (which  corresponds  to  the  top  end  in  a  vertical  motor) 
their  velocities  are  always  equal,  and  since  the  two  sets  of  re- 
ciprocating parts  are  equal  in  weight  their  inertia  effects  would 
neutralize  each  other  if  it  were  not  for  the  slight  sidewise  dis- 
placement of  the  two  cylinders.  As  it  is,  the  forces  form  a 
couple  in  a  horizontal  plane,  proportional  to  the  distance  be- 
tween the  cylinder  centre  lines.  The  moving  parts  in  such  a 
motor  are  thus  very  nearly  balanced,  and  since  the  range  in 
the  torque  reaction  for  a  motor  of  a  given  output  is  much  smaller 
than  in  the  single  cylinder  motor,  especially  at  low  speed,  a 
double  cylinder  opposed  motor  runs  relatively  free  fronj  vi- 
bration. 

Two  cylinder  vertical  motors  were  used  to  quite  an  ex- 
tent in  the  past,  but  have  now  been  entirely  discarded.  There 
are  two  possible  arrangements.  The  two  pistons  may  either 
work  on  a  single  crank,  in  which  case  the  explosions  in  the 
two  cylinders  will  be  equally  spaced,  but  there  will  be  a  large 
unbalanced  inertia  force,  since  the  two  pistons  move  up  and  down 
together ;  or,  the  two  pistons  may  act  on  cranks  set  opposite  or  at 
i8o**,  in  which  case  one  explosion  will  follow  another  after  one 
stroke  and  then  there  will  be  an  interval  corresponding  to  three 
strokes  before  another  explosion  occurs.  In  the  latter  con- 
struction the  reciprocating  masses  will  be  partly  balanced,  since 
one  set  moves  up  while  the  other  moves  down.  But  the  in- 
stantaneous velocities  will,  of  course,  always  be  different;  and, 
besides,  the  two  reciprocating  masses  are  located  at  a  considerable 
distance  apart  and  produce,  therefore,  a  rather  strong  couple. 

V  Type  Motor. — Two  cylinder  motors  with  the  cylinders  set 
at  an  angle  of  90  degrees  (and  sometimes  less)  are  used  to  quite 
an  extent  on  motorcycles  and  the  lightest  types  of  four  wheeled 
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vehicles.  They  are 
known  as  V  type 
motors  and  have  a 
relatively  good  bal- 
ance, considering  the 
small  number  of  cyl- 

We  have  in  such  a 
motor  two  sets  of 
reciprocating  parts 
moving  at  right  an- 
gles to  each  other,  so 
that  if  one  set  moved 
vertically  up  and 
down,  the  other 
would  move  horizontally  back  and  forth.  The  primary  unbal- 
anced forces  of  the  two  sets  of  reciprocating  masses,  each  of  which 
is  represented  by  a  sine  curve,  combine  to  make  a  single  constant 
radial  rotating  force  which  can  be  balanced  by  means  of  suitable 
balance  weights  placed  on  the  crank  arms  opposite  the  crank  pin, 
as  shown  in  Fig.  27.  Hence  the  primary  unbalanced  force  is 
eliminated  in  the  two-cylinder  V  motor,  but  the  secondary  unbal- 
anced force,  which  has  a  frequency  twice  that  of  crankshaft  rota- 
tion, remains. 

Four  Cylinder  Motor — In  a  four  cylinder  motor  the  two  inside 
pistons  work  on  cranks  in  the  same  plane,  and  the  two  outside  pis- 
tons on  cranks  directly  opposite  the  former  (Fig.  28),  The 
two  inside  pistons  then  always  move  Up  and  down  together,  and 
the  two  outside  pistons  at  all  times  move  in  the  opposite  direction 
to  the  inside  pistons.    The  centre  lines  of  motion  of  the  two  sets 


Fig.  28.— Sketch  of  Four 
CvuNPix  Engine. 


Fic.  29.— Sketch  or  Six 
Cylinder  Ehgink. 
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of  reciprocating  masses  coincide.  However,  although  the  two  sets 
of  reciprocating  masses  are  equal  in  weight  and  always  move  in 
opposite  directions,  the  inertia  forces  do  not  completely  neutralize 
each  other,  for  the  reason  that,  as  already  explained,  the  pistons 
travel  slower  when  the  crank  is  a  certain  angular  distance  from 
the  lower  dead  centre  than  when  it  is  the  same  angular  distance 

from  the  top  dead  centre. 

If  we  represent  the  momentary  Inertia  force  due  to  the 
reciprocating  masses  in  one  cylinder  by 

C      (cos  0  +  1-C08  2  0) 

2n 
where                         c  ==  0.0000142  WIN\ 
then  the   force  due  lo  any  two  cylinders  whose  reciprocating 
masses  are  in  phase  say  the  two  outside  cylinders — ^Is 

twice  this,  or 

I 

2   C   (cos  ^H COS  2  B). 

2n 
The   inertia  force  due  to  the   reciprocating  masses   of  the 
two  inner  cylinders  is 

2  c\co8  {$  -f-  180**)   +  -2;jco«  2  {$  +  180*)  J 

=  2  C   ( —  C08  ^  -h  o-  C08  2  0) . 

Since  the  center  lines  of  both  these  forces  coincide  we  can  add 

the  forces  together,  which  gives 

2  c 
F«  =^—co8  2  0, 

We  see,  therefore,  that  in  a  four-cylinder  engine  the  primary 
unbalanced  force  is  eliminated,  and  only  the  secondary  unbal- 
anced force,  whose  frequency  is  twice  that  of  crankshaft  ro- 
tation, remains.  The  degree  of  balance  Is  therefore  the  same 
as  that  of  the  two-cylinder  V  engine. 

In  Fig.  30  are  shown  the  reactions  on  the  engine  frame  due  to 
the  inertia  forces  of  the  reciprocating  masses.  The  inertia 
forces  on  the  two  sets  of  reciprocating  masses  are  shown  in 
dotted  lines,  and  the  resultant  of  the  two  is  shown  in  a  full 
line.  Upward  reactions  on  the  engine  frame  are  plotted  above 
the  horizontal  axis  and  downward  reactions  below  the  hori- 
zontal axis. 

Lanchester  Antl-Vlbrator. — F.  W.  Lanchester,  an  English 
automobile  engineer,  has  devised  a  method  of  balancing  the 
secondary  unbalanced  force,  the  device  employed  by  him  be- 
ing known  as  an  anti-vibrator.  Two  sectlona.^  views  of  the 
arrangement  for  a  four-cylinder  motor  are  shown  in  Fig.  31. 
To  one  of  the  short  crank  arms  adjacent  to  the  central  main 
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Journal  ot  the  crankBhaft  Is  secured  a  helical  gear,  which 
meeheB  with  another  helical  gear  at  half  the  number  of  teeth 
located  In  the  bottom  of  the  crauk  case  transversely  across 


the  engine.  This  latter  gear  meshes  with  another  similar 
one  lying  parallel  to  It.  The  two  like  gears  are  cut  on  the 
periphery  of  revolving  cylinders  fitted  with  bearing  bushings 
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CranJt  Mo/ton  in  Decrees 
Fig.  30.-— Four  Cylinder  Inertia  Force  Diagram. 


and  mounted  on  stationary  studs.  The  cylinders  are  drilled 
each  with  six  holes  parallel  to  their  axes,  three  of  the  holes 
being  filled  with  lead  and  the  others  left  empty  so  that  the 
effect  Is  the  same  as  that  of  a  reyolying  balancing  weight. 
These  two  balancing  weights  revolve  at  equal  speed  (twice 
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Fig.  32. — Six-Cylinder  Inertia  Force  Diagram. 
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crankshaft  speed)  in  opposite  directions,  and  they  are  so 
meshed  together  that  the  horizontal  components  of  their  re- 
spective centrifugal  forces  neutralize  each  other  while  the 
vertical  components  add  together.  Elvery  time  a  pair  of 
pistons  starts  on  the  down  stroke  the  revolving  balance 
weights  are  in  the  position  shown  in  the  figure,  the  centrifu- 
gal force  on  them  is  directed  downwardly,  while  the  sec- 
ondary unbalanced  force  on  the  reciprocating  parts  is 
directed  upwardly  and  is  at  a  maximum.  The  weights  are 
so  proportioned  that  the  two  forces  exactly  neutralize  each 
other. 

The  turning  moment  in  a  four  cylinder  motor,  especially  at 
moderate  speeds,  is  very  much  more  nearly  uniform  than  that  of 
a  two  cylinder  motor,  hence  the  torque  reaction  and  the  vibration 
due  to  it  are  very  much  smaller.  On  the  whole  the  four  cylinder 
motor,  when  properly  constructed,  meets  the  requirement  of 
vibrationless  running  quite  satisfactorily. 

Six  Cylinder  Motor — In  a  six  cylinder  motor  the  pistons  act 
on  cranks  set  two  and  two  together  at  angles  of  120'',  pistons 
Nos.  1  and  6  connecting  to  cranks  in  the  same  plane,  also  pistons 
Nos.  2  and  5  and  pistons  Nos.  3  and  4  (Fig.  29).  Using  the 
same  notation  as  above,  the  inertia  forces  due  to  the  recipro- 
cating masses  in  the  three  pairs  of  cylinders,  respectively,  are 

2  c  ico%  9  -h  s;irC09  2  0), 


2n 
1_ 
2n 


2  c  Ico«  {6  -h  120*)   '\-^cos  2  (tf  -h  120*)] 
and 

2  c  Ico«  {B  -h  240**)  -k-  ^  COB  2  {B  -\-  240*)] 

All  act  along  the  same  center  line,  hence,  adding  them  to- 
gether, we  have 

Fa  =  2  c  [cos  B  +  cos  {B  +  120°)  +  cos  {B  +  240°)] 
+  -^  ico8  2  B  +  COS  2  iB  -\-  120°)   -h  C08  2  {B  +  240°)] 
=  2  c  [cos  B  '\'  cos  B  cos  120°  —  sin  B  sin  120*  +  cos  B  cos 

240'*  —  sin  B  sin  240°]  -|-   ^    {cos  2B-\-co5  2B  cos  240° 
—  sinl  B  sin  240°  +  co«  2  tf  cos   480''  —  sin  2  B  sin  480'') 
=  2  c  [cos  tf  (1  -h  cos  120°  -h  cos  240°)  —  sin  B  {sin  120** 

-f  sin  240°)]  -h    ~  [cos  2  tf  (1  -h  cos  240°  +  cos  480°) 
—  sin  2  B  isin  240*»  -f  9in  480°)]. 
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Now»  In  the  last  equation  each  of  the  four  terms  in  paren- 
theses is  equal  to  zero,  hence  the  whole  expression  is  equal 
to  zero  and  the  inertia  forces  are  balanced.  In  Fig.  32  are 
shown  curves  representing  the  inertia  forces  due  to  each 
pair  of  reciprocating  parts,  and  it  is  there  proven  graphically 
that  the  resultant  is  zero. 

The  variation  in  the  crankshaft  turning  momenti  and  con- 
sequently in  the  torque  reaction,  is  also  much  smaller  than  in  any 
engine  with  a  smaller  number  of  cylinders,  the  total  range  of 
turning  moment  being  1.62  the  average  turning  moment  in  the 
case  of  the  six-cylinder  motor,  while  in  the  four-cylinder  motor 
it  was  5  times  the  average  turning  moment.  G}nsequently  a  six- 
cylinder  motor  may  be  made  to  run  exceedingly  smoothly.  To 
insure  this  excellent  balance  it  is,  of  course,  necessary  that  aM 
reciprocating  parts  be  made  of  standard  weight;  that  is,  each 
piston  must  weigh  the  same  as  every  other  piston,  and  the  same 
with  respect  to  the  connecting  rods. 

Torsional  Vibration. — ^When  six-cylinder  engines  were  first 
introduced  it  was  found  that  in  spite  of  the  absolute  balance 
of  their  'reciprocating  parts  they  were  subject  to  excessive 
vibration  at  certain  high  speeds.  The  fact  that  vibration  was 
limited  to  certain  narrow  ranges  of  engine  speed  made  it 
obvious  that  the  cause  of  the  phenomenon  lay  in  synchron- 
ism at  these  high  speeds  between  vibration  producing  im- 
pulses and  the  natural  rate  of  vibration  of  the  crankshaft. 
It  is  now  believed  that  these  vibrations  are  due  to 
the  great  torsional  flexibility  of  the  long  crankshaft,  which 
makes  its  natural  period  of  swing  comparatively  low.  Obvi- 
ously the  rear  end  of  the  crankshaft  is  restrained  from  rapid 
acceleration  by  the  inertia  of  the  flywheel,  hence  when  the 
torsional  moment  exerted  on,  say,  the  most  forward  crank 
pin  is  suddenly  increased,  as  by  an  explosion  in  the  forward 
cylinder,  the  crankshaft  will  twist  slightly.  A  moment  later, 
as  the  torsional  moment  on  the  crank  pin  decreases,  the 
crankshaft  will  "unwind,"  owing  to  its  torsional  elasticity. 
Then  the  torsional  moment  on  some  other  crank  pin  will 
increase  and  cause  the  crankshaft  to  "wind  up"  again.  The 
theory  of  the  phenomenon  of  torsional  vibration  has  never 
been  fully  explained,  but  it  appears  from  an  investigation 
made  by  the  writer  that  in  a  six-cylinder  engine  torsional 
vibration  is  most  oronounced  if  the  period  of  a  complete  cycle 
of  torsional  swing  of  the  crankahaft  is  equal  to  two-tnirds 
the  time  of  one  engine  revolution. 
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Lancheater  Vibration  Damper.— The  slmpleBt  method  of 
eliminating  trouble  due  to  torsional  vibration  is  to  Increase 
the  diameter  of  crank  pine  and  crank  main  Journals,  and  the 
dimensions  of  the  crank  arms  In  proportion.  This  reduces 
tile  period  of  natural  vibration  of  the  crankshaft  and  brings 
its  critical  speed  beyond  the  speed  range  of  the  engine.  P.  W. 
I^nchester  has  also  Invented  a  device  for  overcoming  tor- 
sional vibration.  It  consists  (Fig.  33)  of  a  small  flywlieel 
placed  at  the  forward  end  of  the  engine,  supported  by  the 
crankshaft,  but  not  rigidly  fastened  thereto.  It  Is  held  be- 
tween friction  discs,  which  are  pressed  together  by  springs. 
When  the  engine  runs  at  the  critical  speed  there  will  be  the 
same  tendency  for  the  crankshaft  to  "thrash"  as  If  the  vibra- 
tion damper  were  not  used.  But  the  damper  has  a  great  deal 
of  Inertia,  and  any  sudden  variation  in  the  motion  of  the 
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forward  end  of  the  crankshaft  will  cause  the  friction  plates 
of  the  vibration  damper  to  slip.  Such  slippage,  of  course, 
absorbs  energy.  Without  the  vibration  damper  there  Is  very 
little  resistance  to  torsional  vibration,  as  steel  within  Its 
elastic  limit  is  perfectly  elastic,  so  that  any  energy  imparted 
to  it  setting  It  In  vibration  will  keep  it  vibrating  for  a  con- 
siderable time.    A  frlctional  dampening  device,  on  the  other 
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hand,  will  absorb  the  energy  stored  in  the  crankshaft  by 
fluctuations  in  the  torque  and  thereby  minimize  the  vibration. 

Eight  Cylinder  Motor — An  eight  cylinder  V  type  motor  con- 
sists essentially  of  two  four  cylinder  motors  placed  at  right 
angles  to  each  other  (the  usual  arrangement).  Each  of  these 
motors  has  an  unbalanced  force  in  the  central  plane  of  its 
cylinders,  as  represented  by  Fig.  30. 

We  found  that  the  expression  for  the  unbalanced  force  in 

a  four-cylinder  motor  is 

2  c 

—  cos  2  e. 

In  an  eight-cylinder  motor  we  have  two  such  forces  acting 
at  right  angles  to  each  other.  Considering  a  motor  revolving 
right-handedly,  looked  at  from  the  front,  if  we  use  the  above 
expression  to  designate  the  unbalanced  force  due  to  the  re- 
ciprocating parts  in  the  left-hand  set  of  cylinders,  then  the 
unbalanced  force  due  to  the  reciprocating  parts  in  the  right- 
hand  set  of  cylinders  is 

^coa  2  (e  —  dOn 

n 

2  c 

COB  (2  9  —  180°) 


n 
2  c 


„  cos  2  e. 

Now,  since  these  two  forces  do  not  act  along  the  same  line 
we  cannot  add  them  directly.  They  act  along  intersecting 
lines,  each  making  an  %ngle  of  45  degrees  with  the  vertical. 
But  the  vertical  components  of  both  forces  act  along  the  same 
line,  and  so  do  the  horizontal  components,  hence  we  may  de- 
rive the  horizontal  and  vertical  components  of  each  of  these 
forces  and  then  add  like  components  together.  We  will  call 
forces  to  the  right  and  upward  forces  positive,  and  forces  to 
the  left  and  downward  forces  negative.    We  then  have — 

Vertical  component  of  forces  due  to  left-hand  set  of  recipro- 
cating parts  2  c 

Cvi  =    -^  cos  2  0  cos  45**. 
n 

Vertical  component  of  forces  due  to  right-hand  set  of  recip- 
rocating parts  2 

Cvr  =  —  ~n"^^*  "^  ®  ^^*  ^^**' 

The  resultant  of  these  two  forces  is  evidently  zero,  hence 

there  is  no  vertical  unbalanced  force. 
The  horizontal  components  are  as  follows: 
Due  to  left-hand  set  of  reciprocating  parts — 
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Cu  = 


2  c    • 

-TT  CO*  2  e  (—  9in  45°). 

Due  to  right-hand  set  of  reciprocating  parts — 

2  c 
C»r  = jf-  CO*  2  e  («in  45*). 

Adding  the  two  together  we  find  the  resultant  to  be 

—  V  co»  2  e  (2  9in  45*') 
ft 

=  —  1.414  (^  co«  2  8). 

ft 


Fig.  34.— Inertia  Force 

IN    Eight-Cyunder 

V  Engine 

K — Unbalanced  force  of  right- 
hand  set  of  cylinders. 

B — Unbalanced  force  of  left- 
hand  set  of  cylinders. 

C — R  esultant  unbalanced 
force. 


Hence  the  resultant  unbalanced  force  in  an  eight-cylinder 
engine  is  in  a  horizontal  plane,  and  its  maximum  value  is 
equal  to  1.414  times  that  of  a  four-cylinder  engine  of  the  same 
cylinder  dimensions  (and  therefore,  about  one-half  the  out- 
put). How  the  two  inclined  inertia  forces  combine  to  make 
a  horizontal  unbalanced  force  is  shown  in  Fig.  34. 

Twelve-Cylinder  V-Motor. — The  twelve-cylinder  V-type 
motor  consists  essentially  of  two  six-cylinder  motors  set  at 
an  angle  of  60  degrees.  Pistons  of  oppositely  located  cylin- 
ders act  on  the  same  crank  pin,  and  the  crankshaft  is  the 
same  as  in  a  six-cylinder  engine.  The  angle  of  60  degrees  is 
chosen  to  obtain  uniformly  spaced  explosions.  Since  there 
are  twelve  explosions  in  two  revolutions,  or  720  degrees  of 
crank  travel,  for  even  spacing  successive  explosions  should 

720 
evidently  come  -^y  =  ^^  degrees  apart.  Since  each  six-cyl- 
inder unit  of  the  twelve  is  in  perfect  balance,  it  follows  that 
the  complete  engine  is  perfectly  balanced  so  far  as  inertia 
forces  due  to  reciprocating  parts  are  concerned.  The 
''twelve"  is  also  subject  to  torsional  vibration,  and  what  was 
said  regarding  this  matter  in  connection  with  six-cylinder 
motors  applies  here. 


CHAPTER  VI. 


THE  CYLINDER. 

Horizontal  versns  Vertical  Cylinders— In  the  early  yeart 
of  the  automobile  industry  in  this  eotintry,  when  single^  cylin- 
der motors  were  used  almost  exclusively,  the  cylinders  were 
j^enerally  placed  horizontally.  Later  on,  when  the  number  of 
cylinders  was  increased,  the  vertical  arrangement  was  adopted^ 
because  a  vertical  multicylinder  motor  requires  less  room  on 
the  chassis  and  can  be  arranged  more  accessibly  and  more 
symmetrically.  It  also  possesses  certain  advantages  with  re- 
spect to  lubrication.  The  horizontal  arrangement  is  retained, 
however,  in  the  case  of  the  double  cylinder  motor,  in  which 
the  cylinders  are  placed  on  opposite  sides  of  the  crankshaft, 
on  account  of  the  good  balance  thus  obtained.  It  was  often 
urged  against  the  horizontal  motor  that  the  weight  of  the 
piston  had  a  tendency  to  wear  the  cylinder  bore  oval,  but  it 
can  easily  be  shown  that  in  comparison  with  the  side  thrust 
of  the  piston  on  the  cylinder  wall  due  to  the  angularity  of  the 
connecting  rod,  the  piston  weight  is  absolutely  negligible,  and 
this  feature  had  nothing  to  do  with  the  abandonment  of  the 
horizontal  motor. 

Arrangement  of  Valves — ^The  cylinder  of  a  gasoline  motor 
may  be  given  many  different  forms,  the  differences  depending 
chiefly  upon  the  location  of  the  valves.  In  designing  a  cylin- 
der or  group  of  cylinders,  there  are  two  main  factors  to  be 
kept  in  view,  viz.,  the  form  of  the  combustion  chamber  and 
the  means  of  actuating  the  valves  from  the  crankshaft.  The 
combustion  chamber  should  have  the  least  wall  surface  in  pro- 
portion to  its  cubical  contents,  as  the  loss  of  heat  through 
the  walls  depends  very  largely  upon  the  extent  of  this  surface. 
This  consideration  would  lead  to  the  adoption  of  a  spherical 
combustion  chamber,  for  of  all  geometrical  forms  the  sphere 
has  the  least  surface  area  for  a  given  volume.  This  ideal  form 
of  combustion  chamber  is  approached  in  the  Knight  sleeve  valve 
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motor.  With  poppet  valves  the  nearest  approach  to  an  ideal 
combustion  chamber  is  obtained  when  both  inlet  and  exhaust 
valves  are  located  in  the  cylinder  head  at  an  angle  of  30  to  45 
degrees,  the  cylinder  head  being  made  of  hemispherical  form, 
or  domed  The  piston  head  can.  of  course,  also  be  hollowed 
out,  as  it  is  in  the  Silent  Knight  motor,  but  this  is  seldom 
done.  The  next  best  arrangement  from  this  point  of  view  is 
that  denoted  by  3  in  Fig.  35,  where  both  valves  are  located 
m  the  cylinder  head  side  by  side  and  parallel.  This  gives  a 
cylindrical  form  of  combustion  chamber.  Next  follow  the  ar- 
rangements 2,  4  and  6,  which  are  about  equal.  In  arrange- 
ment 2  the  inlet  valve  is  located  directly  above  the  exhaust 
valve  in  a  side  pocket  and  opens  downwardly.  In  arrange- 
ment 4  the  inlet  valve  is  located  in  the  centre  of  the  cylinder 
head,  and  the  exhaust  valve  in  a  side  pocket,  while  in  arrange- 
ment 6  the  two  valves  are  located  opposite  and  in  line  with 
each  other  in  a  valve  pocket  formed  on  the  cylinder  head.    In 

each  of  these  cases  there  is  a  valve  pocket  the  size  of  which 
is  determined  by  the  size  of  one  valve  head.     These  pockets 

naturally  add  considerably  to  the  wall  surface  for  a  given 
combustion  ^ace  volume.  Next  in  order  of  combustion  space 
wall  area  comes  the  arrangement  7,  with  both  valves  in  a 
single  pocket  on  the  side  of  the  cylinder,  and  finally  that  de- 
noted by  I,  with  the  inlet  and  exhaust  valves  in  side  pockets 
on  opposite  sides. 

Minimum  wall  area  is,  however,  only  one  consideration  in 
the  design  of  a  cylinder,  and,  in  the  estimation  of  many  de- 
signers, by  no  means  the  most  important.  Upon  the  arrange- 
ment of  the  mechanism  for  actuating  the  valves  depends  to  a 
large  extent  the  more  or  less  noiseless  operation  of  the  motor, 
as  well  as  its  general  appearance,  and,  to  some  extent,  its 
ability  to  run  at  high  speeds  and  to  give  a  large  output  in  pro- 
portion to  its  dimensions.  This  mechanism  is  of  the  simplest 
form  when  both  valves  are  located  in  a  single  side  pocket,  in 
which  case  only  a  single  camshaft  for  operating  the  valves* 
and  a  single  set  of  camshaft  gears  are  needed.  The  cam- 
shaft is  placed  directly  underneath  the  valve  chamber  and  the 
valves  are  lifted  by  direct  thrust.  With  the  valves  in  pockets 
on  opposite  sides  the  method  of  operation  is  similar,  but  two 
camshafts  and  two  sets  of  camshaft  gears  are  required.  When 
the  valves  are  arranged  in  an  inverted  position,  as  when  they 
are  located  in  the  cylinder  head  or  when  the  inlet  valve  is 
located  above  the  exhaust  valve,  a  more  complicated  inter- 
mediate mechanism  is  required,  with  more  chances  for  devel- 
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oping  play  at  the  joints.  Sometimes  in  multicylinder  motors 
the  camshaft  extends  centrally  across  the  tops  of  the  cylin- 
ders, being  driven  from  the  crankshaft  through  an  interme- 
diate vertical  shaft  or  through  a  silent  chain,  but  more  fre- 
quently there  are  a  series  of  vertical  valve  rods  at  the  sides  of 
the  cylinder,  which  are  moved  upward  by  the  cams,  and  the 
direction  of  motion  is  then  changed  by  short  tappet  levers 
whose  arms  bear  against  the  valve  stems  and  the  valve  rods 
respectively.  From  the  viewpoint  of  simplicity  of  valve  gear, 
arrangement  7  is  undoubtedly  the  most  advantageous.  The 
T  head  motor  (arrangement  i),  on  the  other  hand,  permits  of 
using  larger  valves. 

Another  question  that  affects  the  problem  of  valve  location 
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Fig.  35. — Valve  Arrangements. 

is  that  of  effective  cooling  of  the  valve  seats.  A  good  many 
cylinders  are  made  with  their  heads  integral,  and  if  the 
valves  were  to  be  located  in  the  head  and  the  seats  for  the 
valve  formed  in  the  metal  of  the  cylinder  casting,  whenever  it 
was  necessary  to  remove  a  valve,  or  to  grind  it  in,  the  entire 
cylinder  or  group  of  cylinders  would  have  to  come  off  the 
base.  This  is  obviously  impracticable,  and  the  necessity  for  it 
is  obviated  by  inserting  cylindrical  shells,  known  as  valve 
cages,  mto  the  cylinder  heads,  on  which  the  valve  seats  are 
formed.  Unfortunately,  when  the  valve  seat  is  on  an  inserted 
cage  it  cannot  be  cooled  as  effectively  as  whcr  it  is  in  the 
cylinder  casting  itself,  for  the  simple  reason  that  the  heat  in 
traveling  from  the  valve  seat  to  the  water  jacket  must  pass  a 
joint  between  two  metal  parts.    The  reduced  cooling  power  is 


78  THE  CYLINDER- 

of  no  consequence  in  the  case  of  the  inlet  valve,  which  is  kept 
cool  by  the  fresh  charge  passing  through  it,  but  the  exhaust 
valve  will  heat  more  and  has  to  be  reground  more  frequently 
when  operating  in  a  cage  than  when  seated  on  the  cylinder 
casting  directly. 

A  cylinder  with  valves  in  the  head  will  give  more  power 
than  a  cylinder  with  valves  in  side  pockets,  of  the  same  di- 
mensions. According  to  Enrico  Giovanni,  chief  engineer  of 
the  Fiat  Automobile  Works  of  Turin,  Italy,  the  valve-in-the- 
head  motor  gives  as  much  as  20  per  cent,  more  power  than  a 
T-head  motor  of  the  same  bore  and  stroke.  Nevertheless, 
for  touring  car  motors  he  prefers  the  T-head  type;  for  one 
reason,  because  the  spark  plugs  can  be  located  in  the  inlet 
valve  chamber,  where  there  is  always  a  pure  charge,  and  thus 
ignition  can  be  effected  when  the  motor  is  greatly  throttled. 
In  other  words,  a  T-head  motor  can  be  run  at  a  lower  idling 
speed  than  a  valve-in-the-head  motor.  The  valves  can  also 
be  more  easily  removed.  The  valve-in-the-head  motor,  how- 
ever, on  account  of  its  greater  poyrer  output,  is  now  used  al- 
most exclusively  for  special  racing  machines.  One  other  ad- 
vantage of  this  type  of  motor  is  that  the  entire  combustion 
chamber  can  be  machined,  which  permits  of  accurately  equal- 
izing the  compression  volumes  in  the  different  cylinders,  and 
of  polishing  the  walls  of  the  combustion  chamber  with  a  view 
to  preventing  the  accumulation  of  carbon  and  consequent  pre- 
ignition. 

Other  considerations  that  come  up  in  the  determination  of 
the  most  suitable  valve  arrangement  are  the  attachment  of  the 
admission  and  exhaust  pipes  and  the  easy  enclosure  of  the 
valve  mechanism.  In  weighing  the  advantages  and  disad- 
vantages of  the  various  arrangements  against  each  other,  dif- 
ferent designers  naturally  reach  different  conclusions.  The 
following  statistics  gathered  at  recent  shows  will  be  of  inter- 
est in  this  connection.  Of  the  American  pleasure  car  models 
for  the  1915  season,  75  per  cent,  had  L  head  motors,  20  per  cent. 
T  head  motors  and  5  per  cent,  valve-in-head  motors.  Since  that 
time  the  L  head  motor  has  made  still  farther  progress.  European 
designers  turned  to  the  L  head  type  of  cylinder,  sometimes  known 
as  the  Renault  t>T)e,  at  an  earlier  date  than  we  did  in  this  country, 
as  is  indicated  by  the  fact  that  of  the  engines  at  the  Olympia 
show  in  London  in  1910,  78  per  cent,  were  L  head  motors. 

The  valve  arrangements  shown  in  Fig.  35  are  all  suitable 
for  vertical  motors.     With  horizontal  motors  arrangement  7 
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with  the  two  valves  side  by  side  on  top  of  the  cylinder,  !s 
almost  universally  used. 

Cylinder  Qronping— In  motors  with  more  than  one  cylinder 
the  cylinders  may  be  cast  either  singly,  all  in  one  "block/'  or 
in  two  or  more  dual  or  triple  units.  Since  no  two  cylinder 
motors  except  the  opposed  type  are  at  present  being  used  in 
automobile  work,  the  question  of  cylinder  grouping  arises 
only  in  connection  with  four  to  twelve  cylinder  motors.  The 
use  of  separately  cast  cylinders  for  "fours"  and  "sixes"  has 
been  practically  abandoned.  The  advantages  of  multicylinder 
blocks  over  twin  cylinders  are  practically  the  same  as  the  ad- 
vantages of  twin  over  single  cylinders.  By  casting  all  of  the 
cylinders  in  a  single  block  the  over-all  length  of  the  motor  is 
reduced  and  the  construction  generally  is  simplified.  In  a 
four  cylinder  motor,  for  instance,  when  separately  cast  cylin- 
ders were  used,  it  was  customary  to  have  five  supporting  bear- 
ings for  the  crankshaft;  with  twin  cast  cylinders  three  crank- 
shaft bearings  are  generally  used,  and  with  all  four  cylinders 
cast  in  a  single  block  the  crankshaft  is  often  supported  in 
only  two  bearings,  one  at  either  end.  In  this  way  the  weight, 
as  well  as  the  bulk,  of  the  motor  is  reduced  Another  effect 
of  casting  several  cylinders  in  a  single  block  is  that  the  con- 
nections are  greatly  simplified.  In  a  four  cylinder  block 
motor  the  jacket  spaces  for  all  four  cylinders  are  in  one, 
hence  there  need  be  only  one  cooling  water  inlet  and  one 
outlet,  against  four  of  each  in  the  case  of  a  motor  with  sep- 
arately cast  cylinder*.  Moreover,  in  a  "block"  motor  the 
inlet  and  exhaust  manifolds  may  be  cast  integral  with  the 
cylinders,  in  which  case  there  is  only  one  inlet  and  one  ex* 
baust  pipe  connection.  Such  a  motor  is  of  exceedingly  "cleafi 
cut"  appearance.  A  further  advantage  of  block  construction 
resides  in  the  fact  that  a  housing  for  the  valve  springs  may  be 
cast  integral  with  the  cylinder  block,  so  that  by  merely  fitting 
a  plain  cover  plate  the  entire  valve  mechanism  may  be  neatly 
encased. 

The  disadvantage  of  block  construction  is  that  if  a  single 
lefect  occurs  in  a  casting  either  while  it  is  being  machined 
or  later  in  service,  the  entire  block  may  possibly  have  to  be 
thrown  away,  instead  of  only  a  single  cylinder.  The  block  cyl- 
inder is  naturally  more  difficult  to  cast  than  the  single  cylin- 
der,  but  the   technique   of    foundry    work   has   been    greatly 
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improved  in  recent  years  and  there  are  now  many  foundries  turn  • 
ing  out  block  motors  with  integral  manifolds.  Owing  to  the  more 
difficult  work  and  greater  loss  from  "wasters,"  founders  charge  a 
somewhat  higher  price  for  block  cylinders  than  for  single  cylin- 
ders, pound  for  pound.  The  disadvantages  of  block  construction 
are  most  apparent  w^hen  a  defect  is  found  in  a  casting  after  the 
machining  has  been  completed  or  if  the  workman  spoils  a  casting 
at  this  stage;  if  a  c>'linder  bore  is  ruined  by  failure  of  the 
lubrication  or  other  cause,  or  a  cylinder  wall  is  cracked  by 
freezing  of  the  jacket  in  cold  weather. 

It  will  be  seen  that  the  advantages  of  block  construction 
are  fundamental  or  inherent,  while  its  disadvantages  are 
largely  dependent  upon  "the  state  of  the  art"  These  disad- 
vantages vanished  as  experience  accumulated,  lubricating  methods 
were  rendered  more  reliable  and  means  for  repairing  injuries  to 
cylinders  were  installed  in  many  repair  shops.  Therefore,  as 
was  to  be  expected,  in  four  cylinder  engines  of  moderate  output 
block  cylinder  construction  superseded  twin  cylinder  construc- 
tion, the  same  as  twin  cylinders  at  an  earlier  period  superseded 
separately  cast  cylinders.  Of  American  1915  model  four  cylin- 
der pleasure  car  engines  70.4  per  cent,  had  their  cylinders  cast 
en  bloc;  23.5  per  cent,  in  pairs  and  6.1  per  cent,  singly.  Of  the 
six  cylinder  engines  40.5  per  cent,  had  their  cylinders  cast  en 
bloc;  26.6  per  cent,  in  threes;  30.4  per  cent,  in  twos  and  2.5 
per  cent,  singly.  Eight  and  twelve  cylinder  engines  employ 
en  bloc  construction  exclusively,  which  is  probably  explained  by 
the  generally  very  small  size  of  their  cylinders. 


Cylinder  Material — Automobile  engine  cylinders  are  gener- 
ally cast  from  close  grained  gray  iron  approximating  the  fol- 
lowing composition:  Per  Cent. 

Carbon 3  •  ^S 

Silicon 2.00, 

Phosphorus    o. 75 

Manganese    0.50 

Sulphur — not    to    exceed o.io 

Such  iron  has  a  minimum  tensile  strength  of  2^^,000  pounds 
per  square  inch  and  pours  well.  The  use  of  steel  for  cylinders 
has  often  been  suggested,  and  for  racing  and  flying  machine 
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motors  cylinders  are  occasionally  worked  out  of  the  solid 
steel  billet.  One  American  manufacturer  uses  cylinders  cast  from 
semi-steel.  Of  late  years  a  material  known  as  vanadium  iron  has 
come  into  use  to  some  extent  for  cylinder  castings.  Vanadium 
present  in  small  quantity  in  the  iron  ore  accomplishes  the  same 
result  as  when  incorporated  into  steel ;  that  is,  it  eliminates  some 
of  the  objectionable  impurities,  acting  as  a  "purger." 

Following  are  the  compositions  of  domestic  and  foreign  cylin- 
der irons  respectively,  as  required  by  the  specifications  of  one 
large  American  concern: 

DOMESTIC  IRON  CASTINGS.  p^^  Cent 

Silicon    i.2Stoi.6o 

Sulphur less  than  o.ix 

Phosphorus  0.50  to  0.80 

Manganese    0.50  to  0.80 

Combined  carbon over  0.40 

Graphitic  carbon under  3.00 

IMPORTED  CYLINDER  CASTINGa 

Silicon   3.50  to  3.00 

Sulphur under  o.  10 

Phosphorus  i.5otox.8o 

Manganese  0.30  to  0.50 

Combined  carbon over  0.50 

Graphitic  carbon under  3.00 

Among  the  other  points  covered  by  these  specifications  are  the 
following:  Castings  must  be  made  from  hard  close  grained  iron; 
free  from  shrinkage  cracks,  spongy  spots,  blow-holes  and  foreign 
substances;  true  to  pattern  and  must  not  develop  any  defects  in 
machining.  Drillings  taken  from  several  castings  from  each  da/s 
cast  for  analysis  must  show  the  above  composition.  When  speci- 
fied on  the  drawing,  the  maker's  brand  or  trademark  and  date  of 
pouring  must  be  cast  in  raised  figures  on  every  casting  at  the 
place  designated  on  the  drawing.  The  order  and  requisition 
numbers  must  be  painted  on  each  casting  with  white  lead.  The 
manufacturer  must  furnish  two  test  pieces  1%  inches  in  diameter 
by  14  inches  long  to  represent  each  day's  work.  The  date  upon 
which  these  are  cast  must  be  shown  in  raised  figures  on  each  test 
piece.  The  test  pieces  should  be  cast  at  different  times  during 
the  pouring  period,  and  the  analysis  of  the  test  pieces  must  agree 
(within  reasonable  limits)  with  castings  made  that  day.  Castings 
not  within  the  weight  limits  given  on  the  drawings  and  failing 
to  meet  the  above  requirements  will  be  rejected  and  returned. 

Cylinder  Stresses  and  Wall  Dimensions — ^.'in  calculating 
the  maximum  stresses  which  may  occur  in  a  gasoline  engine 
cylinder,  account  must  be  taken  of  the  fact  that  if  one  or  more 
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Fig.  36. 


charges  should  be 
"missed"  (i.  e.,  fail  to  ig- 
nite) all  of  the  spent  gases 
will  be  pumped  out  of  the 
O'linder,  and  the  next 
charge  to  fire  will  be 
stronger  in  the  proportion 
of  the  piston  displacement 
plus  compression  volume 
to  the  piston  displacement. 
Therefore,  although  the 
normal  explosion  pressure 


in  an  automobile  motor  averages  about  300  pounds  per  square 
inch,  it  will  be  well  to  figure  on  abnormal  explosion  pressures  o. 
400  pounds  per  square  inch. 

Now,  consider  a  section  of  a  cylinder  of  b  inches  bore  !• 
inch  long  (Fig.  36).  The  pressure  developed  in  the  cylinder 
by  the  explosion  tends  to  rupture  the  cylinder  wall  alon^ 
lines  parallel  with  the  centre  line  and  at  opposite  ends  of  c. 
diameter.  The  rupturing  force  for  the  section  of  the  cylinder 
considered  is  evidently  400  b  pounds  (considering  the  explo- 
sion pressure  to  be  400  pounds  per  square  inch).  If  the  cylinder 
wall  has  a  thickness  /  and  its  material  has  a  tensile  strength 
of  24,000  pounds  per  square  inch,  the  resistance  to  rupture  of 
the  two  sections  i  inch  long  and  t  inch  thick  i3 

2  X  /  X  24,000  =  48,000  /  pounds. 
Calling  the  factor  of  safety  f,  we  have 

/=:4?l??2i=i2oi. 

400  b  b 

If  we  allow  a  factor  of  safety  of  4,  then 


and 


4-i«.- 

f  ^  —  inch. 
30 


This  formula  when  applied  to  cylinders  of  small' bore  gives 
values  for  the  cylinder  wall  thickness  which,  while  large 
enough  so  far  as  withstanding  the  stresses  of  explosion  is 
concerned,  would  be  too  small  from  the  standpoint  of  shop 
production.  If  the  water  jacket  is  cast  integral,  as  it  usually 
is,  the  cylinder  can  be  machined  only  on  the  inside,  and  the 
minimum  thickness  of  the  wall  then  depends  upon  the  accu- 
racy with  which  the  cores  are  set.  Some  allowance  must  be 
made  for  inaccurate  core  work.    From  the  data  of  x8  modern 
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motors  of  both  American  and  European  construction  the  fol- 
lowing formula  for  wall  thickness  has  been  derived: 

t^±  +  iiMch (32) 

While  the  motors  from  which  the  data  were  taken  ranged 
in  bore  only  from  3  to  5  inches  inclusive,  the  formula  may 
safely  be  applied  to  a  much  wider  range  of  sizes.  The  nearest 
size  in  thirty-seconds  of  an  inch  to  the  result  given  by  the 
formula  should  be  chosen.  If  the  cylinder  becomes  worn  in  the 
course  of  use,  or  damaged  by  lack  of  lubrication  or  on  account 
of  the  piston  pin  coming  adrift,  it  may  bo  saved  by  regrinding. 
In  the  case  of  ordinary  wear  an  increase  in  the  diameter  of  0.010 
inch  is  usually  sufficient,  but  in  cases  of  scoring  the  diameter 
must  sometimes  be  enlarged  as  much  as  0.040  inch.  Some  manu- 
facturers make  it  a  practice  to  furnish  over-sized  pistons  to  be 
fitted  into  reground  cylinders,  and  the  Society  of  Automobile 
Engineers  has  standardized  these  pistons,  which  are  made  0.010, 
0.020,  0.030  and  0.040  inch  over-size.  Wall  thicknesses  as  given 
by  the  above  formula  admit  of  such  regrinding. 

The  cylinder  head  is  usually  made  of  the  same  thickness  as 
the  cylinder  wall.  If  it  were  of  hemispherical  form  its  factor 
of  safety  would  be  the  same  as  for  the  cylinder  wall.  The  head 
usually  approaches  the  hemispherical  form  near  its  edges 
where  the  strain  is  the  greatest,  and  flattens  out  toward  the 
centre.  However,  in  T-head  cylinders  it  is  generally  made 
flat,  owing  to  the  difficulty  in  bringing  the  clearance  volume 
down  to  the  required  point.  The  water  jacket  usually  extends 
down  the  cylinder  to  a  point  even  with  the  top  edge  of  the 
piston  when  in  its   lowest  position.     Some  make   the  jacket 

shorter,  while  a  few  make  it  longer.  The  width  of  the  water 
space  varies  a  great  deal  in  different  designs,  and  no  relation 
between  the  width  of  the  water  space  and  the  bore  of  the 
cylinder  is  recognizable  in  the  data  at  hind.  The  widths  vary 
between  'A  and  }i  inch.  A  good  rule  would  be  to  make  the 
jacket  ^  inch ^ wide  for  cylinders  from  3  to  4  inches,  H  inch  for 
cylinders  above  4  and  up  to  5  inches  and  ^  inch  above  5  inches. 
Liberal  water  spaces  have  the  advantage  that  the  core  sand  can 
be  more  effectively  removed  from  the  casting. 

The  jacket  wall  is  generally  made  as  thin  as  the  foundry  process 
permits  of.  It  can,  of  course,  be  made  thinner  in  a  small  cylin- 
der than  in  a  big  one,  because  in  the  former  the  area  is  smaller. 
The  average  practice  is  to  make  the  jacket  wall  thickness 
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A  inch  for  a  3  inch  bore; 

A  inch  for  a  4  inch  bore; 

A  inch  for  a  5  inch  bore; 

%  inch  for  a  6  inch  bore. 
On  top  of  the  cylinder  a  liberal  water  space  is  generally  al- 
lowed, from  Ji  to  ij^  inches,  according  to  the  cylinder  bore. 

In  a  single  cylinder  the  cylinder  wall  is  sometimes  made  ^ 
inch  thicker  below  the  jacket,  or  at  least  it  is  gradually  thickened 
as  the  flange  at  the  lower  end  is  approached.  The  lower  end  of 
the  cylinder  does  not  have  to  withstand  the  direct  stresses  of  ex- 
plosion, but  instead  it.  is  subjected  to  the  tension  due  to  the  explo- 
sion pressure  against  the  cylinder  head  and  to  the  shearing  and 
bending  stresses  due  to  the  torque  reaction  or  to  the  side  thrust 
of  the  piston  against  the  cylinder  wall.  It  has  been  shown  by 
James  Angelus  that  if  the  cylinder  wall  is  made  sufficiently  thick 
to  withstand  the  direct  bursting  pressure  of  the  explosion  it  is 
sufficiently  strong  to  withstand  the  combined  tension,  bending  and 
scaring  stresses  near  its  lower  end;  but,  possibly  owing  to 
strains  set  up  in  the  metal  at  the  joint  in  cooling,  and  possibly 
because  one  or  more  of  the  nuts  on  the  bolts  may  loosen,  single 
cylinders  sometimes  break  at  the  flange,  and  a  slight  increase  in 
thickness  toward  the  bottom  end  seems  advisable. 

A  single  cylinder  is  secured  to  the  crank  case  by  means  of  four 
studs  and  nuts  equally  spaced.  The  proper  diameter  for  the 
studs  may  be  found  by  means  of  the  equation 

d=±^^  +  linch (33) 

Where  the  nuts  come  there  should  be  bosses  on  the  flange  }i  to 
ji  inch  high,  finished  off  to  insure  a  square  seat  for  the  iiut^ 

Compression  Space— We  will  suppose  that  the  bore  and 
stroke  of  the  motor  and  the  type  of  cylinder  have  been  decided 
upon.  The  power  output  to  be  expected  from  a  cylinder  of 
given  dimensions  and  the  relation  of  bore  to  stroke  will  be  dis- 
cussed in  later  chapters.  A  d^ign  for  a  T-head  cylinder  of  4 
inch  bore  and  5  inch  stroke  is  shown  in  Fig.  37.  The  two  valves 
are  shown  to  have  a  clear  diameter  of  iJC  inch  eaclf.  We  will 
suppose  that  the  compression  ratio  is  4.25.  The  piston  displace- 
ment volume  is 

4x4x5 xo.7?54= 62.83  cubic  inches, 
and  with  a  compression  ratio  of  4.25  the  volume  of  the  compres- 
sion space  must  be 

^  ■  =  19. 53  cubic  inches. 
4-25  —  1 
In  laying  out  the  compression  space  care  must,  of  course,  be  taken 
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Fia  37.— Single  T-Head  Cyundek. 
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that  there  is  a  free  passage  for  the  gas  from  and  to  the  valves. 
With  a  clear  diameter  of  the  valve  port  oi  iH  inches,  the  outside 
diameter  of  the  valve  head  would  be,  say,  2}i  inches,  and  the 
valve  stem  would  be  A  inch  in  diameter.  The  effective  opening 
of  the  valve  port  would  then  be 

(iji*  — A*)  0.7854  =  2.25  square  inches. 
Now,  one-half  of  the  valve  head  is  surrounded  by  the  valve 
pocket  wall  at  a  fixed  distance,  and  in  order  that  the  annular  space 
between  the  valve  head  and  the  valve  pocket  wall  may  be  equal 
in  area  to  the  corresponding  portion  of  the  valve  port  area,  the 
diameter  x  of  the  valve  pocket  must  be  such  that 

(*'—2H*)  0.7854 =2.25, 
from  which  we  find 

jr  =  2.7i  inches. 
It  is,  however,  not  necessary  to  have  the  annular  space  quite 
as  large  as  the  valve  port  area,  for  as  soon  as  the  incoming  gas, 
for  instance,  has  passed  through  the  valve  port  it  is  drawn  toward 
the  cylinder,  and  less  passes  around  the  outer  half  of  the  valve 
head  than  around  the  inner  half.  We  will,  therefore,  make  the 
valve  pocket  of  2^  inch  diameter  instead  of  2.71  inches.    This 

will  leave  a  free  soace  of  %  inch  all  around  the  talve  head. 
The  form  of  the  compression  space  is  shown  in  Fig.  38.    The 

area  of  one  head  of  the  compression  space  is  27.81  square  inches. 
If  we  made  the  space  of  a  uniform  height  of  ^  inch,  then  the 
volume  would  be  20.86  cubic  inches,  or  1.53  cubic  inches  more 
than  required  for  the  compression  volume.  In  order,  therefore, 
to  get  the  right  compression  volume  the  piston  when  in  its  top- 
most position  should  extend  into  this  space  a  distance 

-LlH  es  yi  inch  approximately. 
12.56 

It  is  very  desirable  that  the  piston  should  over-travel  the  top 
end  of  the  finished  bore  a  short  distance,  so  that  no  shoulder 
may  be  worn  in  the  bore.  An  over-travel  of  %  inch  will  be 
about  right. 

The  cross  section  of  the  passage  connecting  the  valve  cham- 
ber with  the  cylinder  is 

2H  X  ?<  =  1.97. 
or  nearly  2  square  inches,  which  is  slightly  less  than  the  area  of 
the  valve  seat  port.    For  T-head  cylinders  it  is  good  practice  to 
make  the  inner  diameter  of  the  valve  pocket  50  per  cent,  greater 
than  the  clear  valve  diameter  and  the  height  of  the  pocket  40  . 
per  cent,  of  the  clear  valve  diameter,  or  a  little  more,  according 
to  the  compression  ratio  desired. 
While  on  this  subject,  it  may  be  of  interest  to  calculate  the 
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Fig.  38. 


surface  area  of  a  compression  chamber  of  this  form,  ts  com- 
pared with  a  compression  chamber  of  cylindrical  form  of  about 
the  same  diameter  as  the  bore.  As  already  stated,  the  head  of 
the  compression  chamber  has  an  area  of  27.81  square  inches. 
The  circumference  of  the  compression  space  is  approximately 
22.35  inches,  which  with  a  height  of  94  ^nch  gives  a  circumferen- 
tial surface  of  1676  square  inches.  Adding  this  to  the  55.62 
square  inches  of  the  heads  gives  a  total  of  72.58  square  inches 
area.  On  the  other  hand,  if  the  combustion  space  was  in  the 
form  of  a  cylinder  of  4  inches  diameter,  the  required  height 
would  be  1.56  inches,  and  the  surface  area  would  be  44.71  square 
inches.  With  the  T-head  the  surface  area  of  the  combustion 
chamber  is,  therefore,  about  62  per  cent  greater  than  it  should 
be  with  a  valve  in  the  head  motor  and  cylindrical  combustion 
chamber. 

Where  a  high  compression  ratio  is  to  be  used,  together  with 
large  valves,  it  is  sometimes  difficult  to  get  the  combustion  cham- 
ber sufficiently  small.  One  of  the  expedients  resorted  to  in  such 
cases  is  to  have  the  cylinder  head  slope  downward  toward  the 
centre.  In  the  above  calculation  of  the  compression  space  it  was 
assumed  that  the  openings  over  the  valves  are  closed  by  plugs  the 
lower  faces  of  which  come  flush  with  the  inner  surface  of  the 
valve  chamber  wall.  Quite  frequently  these  plugs  are  chambered 
out  on  the  inside,  in  which  case  proper  allowance  must  be  made 
for  these  chambers  in  calculating  the  compression  space. 

Length  of  Cylinder  Bore— The  top  end  of  the  piston  must 
pass  slightly  beyond  the  top  end  of  the  cylinder  bore  at  the  end 
if  the  upward  stroke,  for  the  reason  already  explained,  and  the 
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bottom  end  of  the  piston  should  also  pass  slightly  out  of  the 
cylinder  bore  at  the  end  of  the  downward  stroke,  partly  to  pre- 
vent the  wearing  of  a  shoulder  at  the  bottom  end  arid  partly  be- 
cause, if  splash  lubrication  is  employed,  lubrication  of  the  cylin- 
der wall  will  be  facilitated.  The  over-travel  at  the  bottom  end 
may  be  made  somewhat  greater  than  the  over-travel  at  the  top 
end.  Since  we  decided  on  H  inch  for  the  latter,  we  may  choose 
^  inch  for  the  former,  making  the  total  over- travel  yi  inch. 

The  length  of  the  finished  portion  of  the  cylinder  bore  is  evi- 
dently equal  to  the  length  of  the  stroke  plus  the  length  of  the 
piston  minus  the  total  over-travel.  In  our  example,  if  we  assume 
that  the  piston  is  4}^  inches  long,  the  total  length  of  the  bore 
will  be 

5  +  4J4  —  yi-g  inches. 
At  the  lower  end  the  cylinder  is  always  counterbored  to  a  taper, 
as  shown  in  Fig.  37.  The  object  of  this  is  to  facilitate  the  intro- 
duction of  the  piston  rings  and  of  the  piston  itself.  The  greatest 
diameter  of  the  counterbore  should  be  slightly  larger  than  the 
outside  diameter  of  the  piston  ring  in  its  free  state.  When  cyl- 
inders are  cast  singly  they  are  often  turned  with  a  cylindrical 
projection  or  guide  at  their  lower  end  below  the  base  flange,  as 
indicated  by  dotted  lines  in  Fig.  37.  This  base  flange  permits 
of  accurately  centring  them  in  the  crank  case,  which  is  bored  to 
a  corresponding  diameter.  If  no  such  guide  is  provided  the  cylin- 
der should  be  held  in  alignment  by  means  of  dowel  pins. 

The  dimensions  of  the  various  parts,  as  calculated  by  means  of 
the  preceding  formulae,  are  shown  in  Fig.  37.  The  water  jacket 
head  is  shown  domed,  which  makes  the  cylinder  neater  in  ap- 
pearance, and  also  adds  to  the  strength  of  the  head.  Two  bosses 
are  shown  cast  on  the  jacket  wall  near  its  lower  end.  The  open- 
ings are  used  in  the  first  place  for  core  prints  for  supporting  the 
water  jacket  core.  One  of  the  openings  can  be  used  later  for  the 
cooling  water  inlet,  and  the  other  can  be  plugged.  Instead  of 
having  the  cooling  water  inlet  at  the  bottom  of  the  jacket  it  may 
be  located  underneath  the  exhaust  valve  chamber,  and  many  de- 
signers consider  this  the  preferable  location,  as  it  insures  the 
most  intense  cooling  effect  near  the  exhaust  valve,  where  ex- 
cessive heating  is  likely  to  do  damage  first.  However,  in  case 
the  water  enters. the  jacket  near  the  exhaust  valve,  a  drain  cock 
must  be  placed  at  the  bottom  of  the  jacket  space,  so  that  all  water 
can  be  drained  out  of  the  jacket  when  desired. 

In  the  design  Fig.  37  the  valves  are  entirely  surrounded  by 
liberal  water  jackets,  which  is  now  considered  an  essential  point. 
Where  the  valve  chamber  wall  approaches  closest  to  the  cylinder 
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wall  the  cylinder  water  jacket  space  is  necessarily  somewhat  re- 
duced. The  width  of  the  water  space  at  this  point  should  not  be 
less  than  %  inch,  as  otherwise  there  may  be  difficulty  in  the 
foundry.  In  laying  out  the  water  spaces  the  designer  must  see  to 
it  that  there  is  no  point  from  which  the  water  cannot  reach  the 

outlet  without  passing  to  a  lower  level,  as  otherwise  steam  pockets 
will  be  formed,  and  the  particular  portion  of  the  cylinder  wall 
thus  deprived  of  water  may  overheat. 

Twin  Cylinders — In  the  design  of  twin  cylinders,  about  the 
first  question  that  comes  up  is  whether  it  is  necessary  to  have 
a  water  space  between  the  cylinders  at  the  point  where  they 
are  nearest  to  each  other  or  whether  a  common  wall  may  be 
used  at  this  point.  Both  arrangements  are  practicable,  and  both 
are  in  extensive  Use,  although  in  this  coun- 
try by  far  the  greater  number  of  twin 
cylinders  have  a  water  space  between  the 
cylinders.  In  Europe,  on  the  other  hand, 
many  engines  are  made  with  a  common 
cylinder  wall.  If  the  latter  style  of  con- 
struction is  adopted  it  is  necessary  to  pro- 
vide an  extra  thickness  of  metal  where  the 
wall  is  common  to  both  cylinders.  By  re- 
ferring to  Fig.  39  it  will  be  readily  seen 
that  the  thinner  this  wall  is  made  the 
greater    will    be    the    distance    from    the  Fiq.  39. 

centre  of  it  to  the  water  jacket;  and,  be- 
sides, the  cross  section  of  the  metal  through  which  the  heat 
must  travel  will  be  less,  while  the  area  through  which  heat 
is  absorbed  will  be  greater.  A  good  rule  is  to  make  the 
minimum  thickness  of  the  common  wall  50  per  cent,  greater 
than  the  thickness  of  the  regular  cylinder  wall.  Some  manufac- 
turers make  it  twice  as  thick  as  the  regular  cylinder  wall. 

A  typical  twin  cylinder  design  is  shown  in  part  sectionar  plan 
and  evelation  in  Fig.  40.  These  cylinders  are  also  of  the  T-head 
type.  That  part  of  the  cylinder  wall  which  is  exposed  to  the  ac- 
tion of  the  hot  gases  is  completely  surrounded  with  water  for 
the  greater  part  of  its  length,  but  the  two  compression  chambers 
have  a  common  wall.  One  respect  in  which  this  design  differs 
from  that  of  Fig.  37  is  that  the  valve  passages  underneath  the 
valve  seats,  instead  of  turning  through  a  right  angle,  turn  through 
an  angle  of  only  45**.  At  the  outlet  of  the  valve  passages  there 
are  oval  bosses  A  for  pipe  connections  by  means  of  flanged  fit- 


; 


I 


90  THE  CYLINDER- 

tings.  The  45^  angle  gives  a  freer  passage  for  the  gases,  and  is, 
therefore,  advantageous.  The  jacket  walls  in  this  design  are 
provided  with  large  hand  holes  B  at  opposite  ends.  This  permits 
of  a  more  substantial  support  for  the  jacket  core  in  casting,  and 
also  greatly  facilitates  the  removal  of  the  core  sand.  It  is  quite 
important  that  all  of  the  core  sand  be  removed  from  the  casting, 
as  otherwise  it  is  likely  to  become  loosened  later,  when  the  motor 
is  in  service,  and  choke  the  water  passages.  The  two  hand  holes 
are  closed  by  suitable  cover  plates.  An  increased  thickness  of 
metal  is  provided  all  around  the  hand  hole  and  the  flange  thus 
formed  is  milled  off  to  insure  a  water-tight  joint  with  the  cover 
plate,  which  is  held  in  place  by  means  of  six  screws. 

In  this  design  the  two  valves  on  each  side  are  siamesed,  that  is, 
the  spaces  underneath  the  valve  seats  communicate  with  each 
other,  and  there  is  only  a  single  outlet  for  the  two  valve  cham- 
bers and  only  a  single  connection.  There  is  some  objection 
to  siamesing  the  exhaust  valves  in  this  way,  in  the  case  of 
two  and  four  cylinder  motors,  because  in  these  motors  one  cylin- 
der begins  to  exhaust  before  the  exhaust  valve  of  the  preceding 
cylinder  closes,  and  if  .the  two  exhaust  valves  are  siamesed  it  is 
inevitable  that  some  of  the  exhaust  gas  from  one  cylinder  will 
blow  over  into  the  other,  thus  preventing  its  complete  evacuation. 
It  is,  however,  common  practice  to  Siamese  the  exhaust  valves  also. 
In  six  cylinder  motors  with  twin  cast  cylinders  the  firing  order 
can  be  so  arranged  that  the  two  cylinders  of  any  one  pair  will 
never  fire  in  direct  succession.  The  exhaust  opening  periods  of 
the  two  cylinders  which  are  cast  together  will  then  be  separated 
by  240^,  which  is  more  than  the  period  of  opening  of  one  ex- 
haust valve. 

In  this  design  the  water  enters  the  jacket  space  through  the 
opening  C  at  the  side  of  the  exhaust  valve  chamber  just  above 
the  exhaust  outlet,  and  it  leaves  the  jacket  on  top  midway  be- 
tween the  two  cylinders  where  a  boss  D  for  a  pipe  connection 
is  provided.  At  the  sides  of  the  cylinders  a  short  distance  under- 
neath the  bottom  of  the  water  jacket  are  provided  little  projec- 
tions E  which  serve  as  supports  for  a  tool  used  for  compressing 
the  valve  springs  when  it  is  desired  to  remove  the  valves.  These 
*  valve  tool  supports  are  quite  a  convenience  and  should  be  more 
generally  provided.  Between  the  two  valve  chambers  on  each 
side  is  shown  a  boss  F,  which  is  drilled  for  the  reception  of  a 
stud.  This  stud  serves  to  clamp  in  place  a  yoke  by  means  of 
which  the  plugs  or  caps  over  the  two  valves  are  held  down  on 
their  seats. 

A  twin  cylinder  is  always  secured  to  the  crank  case  by  means 
of  six  studs  or  bolts  which  are  located  as  shown  in  Fig.  40.    The 
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diameter  of  these  studs  can  be  calculated  by  means  of  the  for- 
mula given  for  single  cylinders.  The  two  small  plugs  G  serve 
to  close  holes  left  by  core  prints  for  the  jacket  core. 

L-ffead  Twin  Cylinder— An  L-head  twin  cylinder  design  is 
<hown  in  Fig.  41.  The  two  inner  valves  in  an  L-head  motor  are 
practically  always  the  inlet  valves,  because,  as  already  stated, 
siamesing  is  more  advantageous  in  the  case  of  the  inlet  valves 
than  in  the  case  of  exhaust  valves,  and  in  an  L-head  motor  only 
the  inner  pair  of  valves  can  be  siamesed.  Besides  this,  placing 
the  two  inlet  valves  together  lessens  the  need  for  a  water  jacket  •  ^ 

between  the  two  valve  chambers,  and  in  an  L-head  motor  the 
space  thus  gained  can  be  used  to  advantage  for  increasing  the 
valve  diameters. 

The  valves  are  placed  as  close  together  as  possible.  If  the 
clear  diameter  is  d  the  distance  apart  of  the  valve  centres  will 
be  about  1.44  d,  if  the  valve  openings  are  closed  by  separate 
plugs  or  caps  and  the  water  jacket  is  brought  quite  close  to  the 
valve  seats  where  they  approach  closest  to  each  other.  In  the 
design  here  shown  the  clear  diameter  of  the  valves  is  0.4  b,  and 
it  will  be  noticed  that  the  valve  box  is  of  the  same  length  as  the 
cylinder  block.  If  larger  valves  are  desired  the  valve  box  will 
be  longer  than  the  cylinders,  and  designs  of  this  kind  are  not 
uncommon.  An  expedient  resorted  to  in  order  to  bring  the 
water  as  close  to  the  valve  seat  as  possible  at  the  point  where 
the  two  valve  pockets  have  a  common  wall,  without  sacrificing 
valuable  space  in  a  longitudinal  direction,  consists  in  making  the 
inlet  pocket  rather  shallow,  turning  the  inlet  passage  sideways 
directly  underneath  the  valve  seat. 

The  outlets  of  the  valve  passages  are  all  on  the  same  level, 
and  bosses  A  are  provided  in  the  casting,  to  be  drilled  and  tapped 
for  the  reception  of  studs  by  means  of  which  the  inlet  and  ex- 
haust manifolds  are  clamped  in  place.  One  feature  of  this  design 
is  that  the  water  space  around  the  cylinders  is  made  larger  at  the 
top  end  of  the  cylinders  than  at  the  bottom.  This  insures  a 
greater  amount  of  water  where  the  most  heat  is  absorbed,  which 
is  considered  advantageous  by  some  designers.  It  also  gives  a 
rather  neat  form  of  cylinder.  Both  the  cylinder  head  and  the 
jacket  head  are  cast  integral  in  this  design,  and  there  is  a 
central  hole  in  the  head  over  each  cylinder  into  which  can 
be  screwed  the  compression  relief  cock.  There  is  a  large  hand 
hole  in  the  side  of  the  jacket,,  which  is  shown  closed  by  a 
sheet  metal  plate  held  in  place  by  fillister  head  screws,  water 
tightness  being  insured  by  a  rubber  gasket.  This  provides 
for  the  support  of  the  jacket  core,  and  two  additional  core  orints 
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are  provided  for  at  the  ends  of  the  valve  box,  as  indicated  hf 
plugs  at  these  points. 

Another  feature  in  cylinder  construction  illustrated  in  this  cut 
is  an  oil  groove  C  cut  in  the  cylinder  wall  about  even  with  the 
centre  of  the  piston  pin  when  the  piston  is  in  its  lowest  position 
Ordinarily  oil  grooves  are  cut  into  the  wall  of  Uie  piston,  but 
some  designers  contend  that  the  proper  place  for  them  is  the 
cylinder  wall.  This  oil  groove  is  uncovered  by  the  piston  when 
the  latter  approaches  the  upper  end  of  its  stroke,  and  the  groove 
will  then  be  filled  with  oil  from  the  splash,  which  will  be  dis- 
tributed over  the  piston  as  the  latter  makes  its  downward  stroke. 
The  oil  groove  has  a  tendency  to  concentrate  the  strains,  and  in 
order  to  prevent  any  weakening  of  the  cylinder  it  is  advisable  to 
reinforce  the  wall  at  that  point,  making  it  of  25  per  cent,  more 
than  the  normal  thickness.  The  lugs  for  the  cylinder  bolts  are 
shown  strengthened  by  the  ribs  D,  a  practice  followed  by  some 
French  designers.  This  design  is  h^trdly  adapted  for  American 
conditions,  however,  owing  to  the  fact  that  considerable  hand 
chipping  may  be  necessary  to  get  a  good  square  seat  for  the 
washers.  Heavy  washers  or  spacers  must  be  placed  under  the 
nuts  to  hiiag  the   latter   sufficiently   high   to   be   conveniently 

reached  with  a  wrench.    In  large  bore  cylinders  with  thin  walls, 
four  vertical  ribs  are  sometimes  provided  on  the  cylinder  wall 

from  the  lower  end  of  the  jacket  to  the  base  flange. 

Separate  Cylinder  Heads.— Cylinders  with  valves  in  the  head 
necessitate  the  use  of  valve  cages,  except  when,  as  in  the  case 
of  the  Knox  motor,  the  cylinder  head  is  removable.  In  the 
early  automobile  motors  the  cylinder  heads  were  invariably 
cast  separate  from  the  cylinders  and  bolted  to  them,  with  a 
gasket  of  asbestos  cloth  between.  Segmental  openings  were 
cut  into  the  gaskets,  through  which  the  cylinder  water  space 
communicated  with  the  head  water  space.  But  as  the  wall 
thicknesses  were  made  smaller  and  smaller,  it  became  more 
difficult  to  keep  these  gaskets  in  place  by  the  pressure  be- 
tween the  cylinder  and  head.  The  clamping  surfaces  were 
faced  off  in  the  lathe  with  a  coarse  feed  and  the  gasket  ma- 
terial was  rendered  more  tenacious  by  interweaving  it  with 
copper  wire;  nevertheless  the  gaskets  would  frequently  blow 
out  under  the  pressure  of  explosion  or  bum  out  when  the 
water  circulation  failed,  and  renewing  them  was  one  of  the 
most  dreaded  repair  jobs  in  those  days.'  This  led  to  the  prac- 
tical abandonment  of  separately  cast  heads.  They  were  rein- 
troduced some  years  ago  by  the  Knox  Automobile  Company 
because  they  permit  of  forming  valve  seats  directly  in  the 
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head,  doing  awaj  with  cages,  thus  permitting  of  tiling  largei 
valves,  insuring  more  effective  cooling  of  the  valve  seats  and 
rendering  the  valve  construction  simpler.  Gasket  difficulty 
is  obviated  by  placing  the  cylinder  and  head  jacket  spaces  in 
communication  through  an  outside,  U-shaped  pipe  fitting. 
Recently  quite  a  number  of  four  cylinder  block  motors  have 
been  made  with  separate  heads,  an  asbestos  filled  sheet  copper 
gasket  being  used  between  head  and  cylinder  block,  which  latter 
is  often  cast  integral  with  the  top  half  of  the  crank  case.  These 
motors  do  not  always  have  the  valves  in  the  head,  the  chief  object 
in  making  the  head  separate  being  to  facilitate  the  operation  of 
decarbonizing  the  cylinders. 

Valve-iD-Head  Cylinders— The  ordinary  type  of  valve-in- 
head  motor  with  integral  cylinder  heads  embodies  cages  in 
its  construction.  These  consist  of  cylindrical  shells  which  fit 
into  corresponding  bored  chambers  in  the  cylinder  bead,  being 
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forced  against  a  square  or  inclined  shoulder  near  the  bottom 
of  the  valve  cage  pocket  by  means  of  an  annular  nut  screwed 
into  the  outer,  threaded  end  of  the  pocket,  or  by  means  of 
studs  passing  through  a  flange  on  that  portion  of  the  valve  cage 
outside  the  bore,  and  into  the  cylinder  head  wall.  The  cylin- 
der shown  in  Fig.  43  is  typical  of  this  construction.  Within 
the  valve  cage  there  is  a  spider  which  supports  the  valve 
guide  and  in  the  wall  of  the  cage  there  is  a  circular  or  square 
opening  by  means  of  which  the  interior  of  the  valve  cage 
communicates  with  the  valve  passage  cast  in  the  cylinder 
head.  The  cage  at  its  inner  end  is  usually  ground  to  a  coni- 
cal seat  and  a  gasket  is  placed  between  the  cage  and  the  nut 
In  multicylinder,,valve-in-the-head  motors,  in  which  the  valves 
are  arranged  vertically,  they  are  usually  placed  all  in  one 
row;  that  is,  the  two  valves  in  each  cylinder  head  are  placed 
side  by  side  in  a  fore-and-aft  direction.  But  where  the  valves 
are  inclined  they  are  placed  crosswise  of  the  cylinder. 

Sheet  Metal  Water  Jackets— Water  jackets  of  sheet  metal 
have  two  advantages.  They  are  lighter  than  integrally  cast 
jackets,  because  they  can  be  made  thinner;  and,  besides,  they 
cannot  easily  be  injured  by  freezing  of  the  jacket  water. 
These  sheet  metal  jackets  are  generally  spun  or  pressed  of 
copper.  The  two  most  prominent  users  of  such  jackets  have 
been  the  Cadillac  Automobile  Company  and  the  Chadwick 
Engineering  Works.  The  former  cast  its  c>'linders  singly, 
while  the  latter  cast  them  in  pairs.  Panhard  &  Levassor, 
of  France;,  have  also  used  copper  jackets  for  some  of 
their  motors.  The  Cadillac  cylinder  is  here  illustrated  as  an 
example  of  this  form  of  construction.  The  cylinder  is  cast 
with  a  radial  flange  ^  at  the  bottom  of  the  jacket  space.  This 
flange  is  slightly  tapered  and  is  turned  off  very  coarsely,  and 
the  copper  jacket  is  pressed  over  this.  A  steel  ring  about  two 
one-thousandths  inch  small  is  then  forced  over  the  flange  and 
insures  a  tight  joint  and  one  which  enables  the  jacket  to  be 
quickly  removed.  The  valve  pocket  is  formed  integral  with 
the  cylinder  head,  and  the  head  is  held  to  the  cylinder  by  means 
of  a  right  and  left  screw  nipple.  The  under  side  of  the  head 
is  provided  with  two  V-shaped  circular  ridges  which  are 
forced  down  at  B  and  B  on  eadi  side  of  the  water  jacket  ports, 
thus  making  a  tight  joint. 

If  a  sheet  metal  jacket  is  to  be  used,  account  must  be  taken 
of  the  difference  in  the  expansion  of  the  cylinder  and  the 
jacket  when  the  motor  is  started.  When  the  jacket  is  in  the 
form  of  a  cylinder  with  flat  or  domed  head,  held  at  its  open 
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end  and  at  the  centre  of  the  head,  it  is  free  to  expand  and 
contract  longitudinally,  but  wh?n  it  is  in  the  form  of  a  cylin- 
drical shell,  held  at  both  ends,  it  must  be  provided  with  cir- 
cular corrugations,  or  trouble  will  be  experienced  from  leaky 
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Frc  44. — Cadillac  Cyundeb,  With  Sheet  Coppe«  Ja( 


Block  CyllSifert— About  1906  the  practice  of  casting  four 
cylinders  in  a  single  block  originated  in  France,  and  though 
at  first  it  WM  predicted  that  the  number  of  "wasters"  (imper- 
fect castings)  would  be  so  large  that  this  practice  would  be  aban- 
doned again,  it  has  constant!}  gained  ground. 

The  simplest  form  of  block  cydinder  is  that  in  which  the  cyliit' 
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Fig.  4S-A.— Section  on  X-Y. 


Fig.  45-B.— Section  on  M-N. 
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dcr  head  is  cast  separate  and  no  manifolds  are  incorporated  in 
the  cylinder  casting.  Slightly  more  complicated  is  the  cylinder 
block  with  integral  head,  but  the  most  intricate  piece  of  foundry 
work  is  a  four  or  six  cylinder  motor  with  integral  manifolds. 
The  latter  type  of  cylinder  casting  results,  however,  in  th«  neatest 
and  most  compact  motor,  and  is  strongly  favored  for  small 
motors. 

Fig..  45  shows  a  block  cylinder  design  in  which  the  exhaust 
manifold  is  cast  integral.  The  valves  are  all  on  one  side  and  the 
inlet  ports  are  siamesed  as  usual.  The  pockets  directly  under- 
neath the  exhaust  valves  connect  by  straight  horizontal  passages 
with  the  longitudinal  exhaust  passage.  As  clearly  shown  in  the 
section  X-Y,  this  exhaust  manifold  is  surrounded  by  cooling  water 
on  three  sides.  Where  the  exhaust  manifold  is  cast  integral,  a 
relatively  larger  amount  of  heat  goes  into  the  cooling  water,  and 
in  view  of  this  fact  exceptionally  large  water  spaces  are  provided 
around  the  valve  passages  in  this  design.  The  valve  pockets  are 
entirely  surrounded  with  water.  The  water  enters  the  jacket 
space  underneath  the  longitudinal  exhaust  passage  at  the  middle 
of  the  length  of  the  motor,  and  leaves  through  the  jacket  top 
plate,  which  is  developed  in  the  form  of  a  water  outlet  con- 
nection. 

Another  form  of  block  cylinder  is  shown  in  Fig.  46.  In  this 
case  both  the  exhaust  and  inlet  manifolds  are  cast  integral  with 
the  cylinder.  The  longitudinal  exhaust  passage  is  less  completely 
water- jacketed  than  in  Fig.  45,  and  is  located  outside  the  valve 
box  proper.  Cooling  flanges  extend  along  ooth  its  top  and  outer 
side  wall.  The  longitudinal  passage  forming  the  inlet  manifold 
runs  along  the  lower  outward  edge  of  the  valve  box.  With  a 
design  of  this  kind  a  stronger  water  circulation  would  be  re- 
quired than  with  that  of  Fig.  45.  This  illustration  also  shows  a 
cover  over  the  valve  springs,  which  it  is  usual  to  provide  in 
motors  of  this  type. 

Abroad  it  is  the  prevailing  practice  to  locate  the  carburetor 

on  the  right  hand  side  of  the  motor  in  automobiles.  In  the  case 
of  T-head  motors  the  inlet  valves  are  practically  always  on  that 
side,  and  in  the  case  of  L-head  motors,  with  all  valves  on  the 
left  hand  side,  the  inlet  pipe  often  runs  across  the  top  of  the 
cylinders  or  through  b«tweoa  the  two  pairs  below  the  water 
jacket  With  block  motors  it  is  naturally  desired  to  avoid  such 
long  intake  pipes,  which  look  ungainly  and  are  more  or  less  im- 
practicable on  account  of  the  condensation  of  gasoline  taking 
place  in  lliem  in  cold  weather.  It  therefore  occurred  to  a  num- 
^h^T  of  designers  to  cast  an  inlet  passage  integral  with  the  c\lin- 
^lock  extending  from  the  left  to  the  right  hand  side.    In  one 
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Fig.  46. — Section  of  Block  Cylinder  With  Integral 
Inlet  and  Exhaust  Manifolds. 


or  two  motors  this  passage  is  carried  around  the  end  cylinder, 
but  the  more  usual  plan  is  to  make  the  distance  between  the 
two  middle  cylinders  a  little  larger  than  ordinarily  and  core  an 
inlet  passage  between  them.  This  is  done  in  the  cylinder  block 
illustrated  in  Fig.  47.  Since  the  widespread  adoption  of  left 
hand  drive,  many  L-head  motors  are  cast  with  the  valve  pockets 
on  the  right  hand  side.  Some  designers  then  place  the  carburetor 
on  the  right  hand  side,  while  others  carry  the  inlet  passage  or 
pipe  to  the  left  side  of  the  motor. 

Integral  manifolds  have  not  proved  quite  as  popular  as 
4)lock  casting  of  the  cylinders,  and  most  block  cast  engines 
are  now  made  with  separate  manifolds.  This  not  only  greatly 
simplifies  the  task  of  making  the  castings,  but  it  materially 
reduces  the  amount  of  heat  absorbed  by  the  cooling  water, 
hence  it  permits  of  a  smaller  radiator  being  used. 

Cylinders  Integral  With  Crank  Case. — In  recent  years 
quite  a  number  of  firms  have  adopted  the  practice  of  casting 
the  cylinders  and  the  top  half  of  the  crank  case  in  a  single 
piece,  the  cylinder  head  being  cast  separately.  This  practice 
was  first  introduced  by  the  Ford  Motor  Co.,  and  has  proven 
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quite  Buccessful.  It  might  possibly  be  considered  a  disadvan- 
tage that  it  involves  the  use  of  cast  iron  in  the  crank  case, 
and,  consequently,  an  increase  in  weight  On  the  other  hand, 
there  is  the  advantage  that  the  cylinder  block  integral  with 
the  crank  case  greatly  stiffens  the  latter,  and  not  so  much 
ribbing  is  required  as  in  an  aluminum  crank  case.  From 
the  standpoint  of  cost  of  manufacture  everything  is  in  favor 
of  the  iron  crank  case. 

In  eight-cylinder  engines  practice  still  varies  considerably. 
All  of  the  four  cylinders  of  each  set  are  always  cast  together, 


Fig.  48.— Each  Set  of  Four  Cyunders  Cast  Integral  With 

Half  of  Crankcase  (North way). 


but  aside  from  this,  three  different  methods  have  gained  cur- 
rency. Either  the  cylinder  blocks  may  be  cast  with  integral 
cylinder  heads  and  bolted  to  an  aluminum  crank  case;  both 
cylinder  sets  without  their  heads  may  be  cast  in  one  block 
together  with  the  top  part  of  the  crank  case,  or  with  the 
whole  of  the  crank  case  except  the  base,  or  the  crank  case 
may  be  split  vertically  and  each  half  cast  together  with  one 
set  of  cylinders  without  head.  A  design  in  which  each  of  the 
two  cylinder  sets  together  with  one  half  of  the  crank  rase 
are  cast  in  a  single  piece,  is  shown  in  Fig.  AS. 
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Fattem  Making  and  Molding— In  the  design  of  the  cyl- 
inder it  is  well  to  consult  with  the  pattern  maker,  because  a 
cylinder  is  at  best  a  difficult  piece  to  mold,  and  the  advice  of  an 
experienced  mechanic  may  obviate  trouble  later.  Cylinder  pat- 
tern making  has  become  an  art  by  itself,  and  it  is  a  good  plan 
to  trust  a  job  of  this  kind  only  to  a  man  experienced  in  this 
particular  line. 

Cylinders  must  always  be  molded  with  the  head  downward, 
for  the  reason  that  blow  holes,  porous  spots,  etc,  are  most  likely 
to  occur  near  the  top  of  the  casting,  and  the  head  of  the  cylinder, 
which  is  the  working  end,  must  of  necessity  be  of  sound  metal. 
In  order  that  the  metal  may  flow  freely  to  every  part  of  the  mold 
the  latter  must  be  thorouc^y  vented,  and  a  high  riser  (opening 
on  top  which  fills  with  metal  after  the  mold  is  filled)  b  provided, 
so  that  the  molten  metal  in  the  mold  may  be  subjected  to  the 
pressure  due  to  a  considerable  head,  and  all  gases  forced  out 
through  the  vents.  It  is  imprisoned  gases  that  cause  blow  holes 
and  other  imperfections. 

It  is  not  often  that  the  compression  space  is  of  such  a  simple 
geometrical  form  as  in  the  cylinder  Fig.  37,  and  when  it  is  quite 
irregular  it  is  naturally  more  difficult  to  accurately  calcuUfte  the 
compression  volume  provided  by  the  design.  It  is  then  a  good 
plan  to  let  the  pattern  maker  make  a  wooden  model  of  the  com- 
pression chamber.  This  can  then  be  weighed  and  its  weight 
compared  with  that  of  a  simple  geometrical  form  (cube  or 
prism)  made  of  the  same  kind  of  wood,  which  enables  its  vol- 
ume to  be  obtained  by  the  solution  of  a  simple  geometrical' 
proportion. 

Testing  Castings— When  the  castings  Lave  cooled  they  are 
cleaned  of  core  sand,  the  seams,  etc.,  are  chipped  off,  and  the 
castings  are  then  pickled  or  cleaned  of  scale  in  a  sulphuric  acid 
solution. 

When  the  castings  are  received  at  the  factory  they  are  care- 
fully inspected  and  tested  for  imperfections  before  any  madiine 
work  is  done  upon  them,  so  that  no  labor  may  be  wasted  on  im- 
perfect castings.  The  usual  test  is  l)y  water  pressure,  and  a  fixture 
and  stand  for  making  such  a  hydrostatic  test  rapidly  has  been 
described  by  Curtiss  Smith.  The  fixture.  Fig.  49,  consists  of  a 
skeleton  frame  designed  to  receive  the  cylinder  casting.  The 
frame  is  provided  with  two  trunnions  by  means  of  which  it  is 
supported  on  the  standard,  Fig.  50,  and  which  permit  of  tipping 
it  to  any  agle,  for  examining  the  bore  and  all  parts  of  the 
casting.  The  castings  are  held  in  place  in  the  frame  by  means 
of  three  thumb  screws,  two  pressing  laterally  against  the  lower 
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Fic.  49.— Cyunder  Teshng  Fixture. 

unjackcted  portions  of  the  cylinders  and  the  tiiird  centrall:, 
against  the  valve  chamber.  All  holes  into  the  jacket  must  Im 
plugged,  except  the  one  through  which  the  hydrostatic  pressure 
is  applied.  The  design  of  the  fixture  would  naturally  vary 
with  the  form  of  the  casting  to  be  tested.  The  one  here  shown 
was  designed  for  a  twin  cylinder  casting  with  central  openings 
in  the  Q'Under  bead  and  jacket  head.    The  hole  in  the  cylinder 
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(s  held  in  place  by  a  copper  washer  G  and  cotter  pin  H,  This 
washer  is  backed  up  by  a  steel  thrust  disc  I,  which  has  a  copper 
washer  /  interposed  between  it  and  a  shoulder  on  the  spindle. 
The  stem  F  is  threaded  at  its  lower  end  for  applying  pressure 
and  18  squared  at  its  upper  end  for  the  operating  handle. 

The  hole  in  the  jacket  head  is  stopped  by  a  soft  rubber  plug 
K  held  in  a  thrust  block  L  with  retaining  flange  M  and  copper 
washer  N.  This  plug  is  operated  by  the  hollow  spindle  O, 
which  screws  through  the  cast  frame  and  carries  the  spindle  F. 
The  spindle  0  extends  beyond  the  handle  P  to  form  a  stufiRng 
box,  being  threaded  at  its  upper  end  to  receive  the  gland  nut  Q, 

On  the  back  of  the  cylinder  casting  for  which  this  fixture 
was  designed  there  is  a  large  square  hand  hole.  For  plugging 
this  hole  and  providing  a  water  connection  a  special  construc- 
tion is  used.  The  trunnion  at  this  side  of  the  fixture  is  made 
of  steel,  bolted  to  the  casting  and  drilled  and  tapped  to  receive 
a  clamp  screw.  Grooves  5  are  planed  between  the  trunnion 
lugs,  in  which  the  block  T  slides.  This  block  is  faced  with 
a  soft  rubber  packing,  which  is  held  in  position  by  flathead 
screws.  The  block  T  is  bored  and  tapped  to  receive  a  pipe 
through  which  the  testing  water  enters  the  jacket  space.  Con- 
nection to  the  water  supply  is  made  by  means  of  a  union  with 
a  short  section  of  pipe  and  rubber  hose. 

The  standard  in  which  the  above  fixture  is  mounted  consist! 
of  two  end  castings  AA  held  in  place  by  spacers  B.  The  trun- 
nion bearings  are  provided  with  clamping  caps  C  which  are 
hinged  at  D  and  clamped  with  the  T  handle  E,  The  standard 
is  made  high  enough  to  allow  all  parts  of  the  testing  fixture  ex- 
ceot  the  plug  stems  to  pass  over  the  spacers  B, 

Facing  and  Drilling  Cylinders — The  first  machining  opera- 
tion on  a  cylinder  casting  consists  generally  in  milling  off  the 
base  and  head  flanges  and  the  bosses  for  the  different  pipe  con- 
nections. The  base  flange  is  milled  first  because  the  cylinder  is 
usually  secured  to  the  boring  fixture  by  means  of  this  flange, 
at  least  in  the  case  of  twin  and  block  cylinders. 

Next  the  numerous  holes  in  the  cylinder  block  are  drilled,  and 
this  is  usually  done  in  a  multiple  drill  press.  Ordinarily  all  the 
holes  on  a  single  side,  as,  for  instance,  the  bottom  flange  holes, 
are  drilled  in  a  single  operation,  but  where  engines  are  built  on  a 
large  scale  use  is  made  of  specially  designed  drill  presses  which 
drill  holes  in  three  or  four  directions  at  one  operation. 

Two  iilustrations  of  representative  operations  in  a  modem 
automobile    motor    shop    are    shown    in    Figs    51    and    52, 
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both  being  from  the  works  of  the  Dodge  Brothers  Company, 
Detroit.  The  motor  being  worked  upon  is  of  the  type  in  which 
all  of  the  four  cylinders  and  the  top  part  of  the  crankcase 
are  made  in  a  single  casting,  the  cylinder  heads  forming  a 
separate  casting.  In  P*ig.  51  a  large  number  of  the  cylin- 
der castings  and  head  castings  are  clamped  to  the  carriage  of 
a  special  quadruple  spindle  milling  machine,  the  cylinders 
in  two  rows  in  the  middle  and  heads  on  each  side. 

In  Fig.  52  one  of  the  cylinder  castings,  after  having  had 
its  plane  surfaces  milled  off,  has  the  tap  holes  drilled  in  it 
by  means  of  a  four-way  semi-automatic  power  feed  drill.  This 
machine  bores  fifty-five  holes  in  a  cylinder  casting  in  one 
operation,  and  works  from  four  sides  of  the  casting  simul- 
taneously. The  only  attention  given  the  machine  Is  when 
the  operator  places  the  castings  in  position  or  removes  them 
when  completed.  Fourteen  holes  are  drilled  in  the  top  of  the 
casting  to  take  the  studs  that  hold  the  cylinder  head  in 
place.  Twenty  holes  are  drilled  In  the  base  to  take  the  cap 
screws  that  hold  the  oil  pan,  and  eleven  and  ten  holes  are 
bored  in  the  front  and  rear,  respectively,  to  take  the  cap 
screws  that  hold  the  gear  cover  case  and  transmission  hous- 
ing to  the  cylinder  casting.  The  machine  has  a  capacity  of 
over  250  cylinder  castings  per  day.  Working  in  conjunction 
with  the  machine  is  a  twin  machine  with  the  same  number 
of  spindles.  These  spindles  are  fitted  with  taps  that  cut  the 
threads  in  the  fifty-five  holes  in  one  operation. 

Another  method  of  handling  drilling,  tapping  and  similar 
operations  on  a  cylinder  casting  is  shown  In  Fig.  53,  the 
photo  being  from  the  plant  of  the  Continental  Motor  Mfg. 
Company,  Detroit.  The  cut  shows  a  battery  of  multiple  spin- 
dle drills,  all  arranged  in  line  and  with  a  pair  of  steel  tracks 
in  the  fioor  in  front  of  them.  Each  cylinder  casting,  being 
clamped  to  a  fixture  supported  upon  a  wheel  truck,  is  operated 
upon  successively  by  each  of  the  different  drill  presses.  The 
advantage  of  this  arrangement  lies  in  the  fact  that  quite  a 
number  of  successive  drilling  and  similar  operations  have  to 
be  performed  on  the  valve  seats  and  adjacent  parts  all  on 
the  same  axis,  so  that  they  could  not  well  be  performed  simul- 
taneously. Thus  the  hole  in  or  for  the  valve  stem  guitie  u^uot 
be  drilled,  the  valve  seat  must  be  bored  out,  the  vaive  seat 
faced,  and  the  valve  plug  hole  must  be  drilled  and  tapped. 
In  the  Continental  plant  each  cylinder  casting,  after  being 
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milled,  is  clamped  into  the  fixture  shown  and  in  eight  opera- 
tions it  comes  out  at  the  end  of  the  first  track  completely 
drilled  and  tapped.  The  fixture  is  then  switched  over  to  the 
second  or  return  track  by  means  of  the  truck  shown  in  the 
foreground,  and  a  new  pylinder  casting  is  inserted  on  the 
return  trip.  The  number  of  castings  machined  per  hour  is 
governed  only  by  the  number  of  fixtures  provided. 

Boring  and  Grinding  Cylinders. — ^The  next  operation  is  the 
rough  boring.  This  is  done  in  either  a  horizontal  or  vertical 
boring  mill.  Generally  two  cuts  are  taken  to  remove  the  stork 
allowed  for  finishing,  but  the  cylinder  bore  is  left  about  0.010 
inch  small  in  diameter,  this  amount  of  stock  being  removed  by 
grinding. 

The  method  of  holding  the  cylinders  to  the  carriage  ot  the 
boring  mill  differs  considerably  in  different  shops,  and  also  with 
the  type  of  cylinder  casting  to  be  bored.  Single  cylinders  are 
often  held  in  a  cylindrical  fixture,  the  upper  half  of  which  is 
hinged  to  the  lower,  so  that  the  castings  can  be  easily  put  into 
the  mill  and  removed.  In  the  case  of  twin  and  quadruple  cylin- 
ders the  general  practice  is  to  bolt  the  casting  by  means  of  its 
base  fiange  to  an  angle  bracket  which  is  bolted  to  the  lathe  car- 
riage. A  number  of  special  machine  tools  have  been  designed 
for  boring  automobile  cylinders.  Some  of  these  have  revolv- 
ing bed  plates  of  double  ended  form,  so  that  a  casting  can  be 
clamped  to  one  end  while  another  is  being  bored,  and  the  ma- 
chine thus  be  kept  in  operation  almost  continuously. 

Fig.  54  shows  a  twelve  spindle  cylinder  boring  machine  man- 
ufactured by  the  Beaman  &  Smith  Co.,  Providence,  R.  I.  It 
consists  virtually  of  two  machines  in  one,  each  machine  having 
six  spindles.  The  cylinder  blocks  are  placed  in  a  suitable  fixture 
as  shown,  which  is  attached  to  the  revolving  table.  This  admits 
of  a  roughing  cut  being  taken  with  one  set  of  spindles  and  at 
the  same  time  a  second  cut  in  the  other  six  cylinders.  While 
these  operations  are  being  performed,  two  other  cylinder  blocks 
that  have  been  finished  are  being  replaced  by  new  ones.  Such 
machines  are  sometimes  made  with  the  columns  at  right  angles 
to  each  other,  instead  of  facing  each  other. 

In  boring  a  cylinder  which  is  open  at  both  ends  the  boring  bar 
may  be  supported  between  centres  in  a  lathe  or  boring  ma- 
chine, and  provided  with  a  series  of  cutters  which  are  equally 
spaced  about  the  circumference  and  along  a  portion  of  its  length. 
Ihe  boring  bar  is  only  little  smaller  in  diameter  than  the  rough 
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Fic,  54.— Twelve  Spincle  Vertical  Cyundeb  Boring  Machine. 

cylinder  bore,  and  is  provided  with  a  mechanism  for  moving  the 
cutters  outward.  Cylinders  with  integral  heads  are  bored  with  a 
spinOle  supported  at  one  end  only.  It  is  quite  a  probleLii  to  five 
%  sufficiently  rigid  support  to  this  spindle.  Fig.  55  shows  a  cylin- 
der boring  machine  spindle  patented  by  the  Beaman  &  Smith 
Company,  of  Providence,  R.  I.  This  spindle  is  designed  for  use 
en  a  vertical  boring  machine.  A  is  the  hollow  spindle  which  is 
driven  through  the  gear  wheel  D,  secured  to  its  upper  end,  and 
has  the  boring  and  chamfering  tools  W,  X,  Y  screwed  to  its  lower 
end  and  secured  by  a  set  screw.    The  spindle  A  turns  on  thn 
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stationary  stud  C,  being  prodded  with  bronze  bushings  B  B.  The 
end  thrust  due  to  the  feed  is  taken  up  on  ball  thrust  bearings 
E.  G.  The  chamfering  tools  are  held  in  a  split  ring  X,  which  is 
clamped  to  the  spindle  A.  The  spindle,  gear,  housing,  etc.,  are 
carried  on  a  long  vertical  saddle  with  adjustable  stops.  The  firm 
support  of  the  spindle  is  apparent  from  the  drawing. 


Fig.  55.~6eaman  &  Smith  Boring  Machine  SpiNm.E. 

An  arrangement  for  counterboring  the  compression  chamber  is 
illustrated  in  Fig.  56.  This  consists  essentially  of  a  spindle  A 
with  six  inserted  cutters  B,  with  which  the  finishing  cut  is  taken. 
The  spindle  is  plit  longitudinally  into  six  equal  sectors  over  more 
than  half  its  length.  When  the  top  edge  of  the  cutters  B  reaches 
the  bottom  end  of  the  regular  bored  portion  of  the  cylinder  the 
spindle  is  expanded  by  the  conical  frustum  C,  which  is  secured 
to  the  fixture  by  means  of  which  the  cylinder  casting  is  held  to 
the  bed  plate  of  the  baring  machine,  and  in  this  way  the  head 
end  of  the  cylinder  can  be  turned  several  hundredths  of  an  inch 
larger  in  diameter  than  the  regular  bore.    At  the  same  time  as 
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the  combustion  dumber  the  piston  ring  chamfer  is  turned  by 
means  of  the  tools  D. 

In  the  early  years  of  the  industry  it  was  customary  to  finisa 
cylinder  bores  in  the  lathe,  four  or  five  successive  cu^  hca^ 


Rg.  56.— Expanding  Tool  fok  Finishing  Comfbession 
Chauber. 

taken,  the  last  with  a  very  broad  nosed  toot,  which  gave  a  com- 
paratively smooth  finish.  The  trouble  with  this  method  is  that 
the  cast  iron  of  the  cylinder  is  not  of  uniform  hardness.  There 
are  hard  tpots  and  soft  spots  in  the  iron,  and  since  the  wall  of 
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the  cyKnder  is  very  thin,  when  the  tool  encounters  a  hard  spot 
cither  the  cylinder  wall  or  the  tool  will  spring  slightly,  and  a 
high  spot  result.  Now,  in  an  engine  cylinder,  what  is  required 
is  an  absolutely  cylindrical  bore,  which  is  the  only  kind  that 
will  insure  a  gas-tight  fit  of  the  piston  rings.  To  improve  upon 
the  original  method  the  lapping  process  was  introduced,  which 
consists  in  working  a  dummy  piston  back  and  forth  in  the  bore 
of  the  cylinder  with  some  abrading  material,  like  ground  glass, 
mixed  with  oil  and  smeared  over  the  cylinder  wall.  The  ob- 
jection to  this  method  is  that  there  is  danger  of  some  of  the 
abrasive  being  forced  into  the  metal  of  the  cylinder  wall,  and 
starting  cutting  of  the  wall  when  the  cylinder  is  in  service.  The 
smaller  sizes  of  cylinders  are  frequently  reamed  after  the  final 
cut  has  been  taken  in  the  lathe.  The  latest  process  for  finishing 
cylinder  bores  consists  in  internal  grinding. 

After  the  roughing  cuts  have  been  taken  the  cylinders  are 
frequently  annealed.  This  relieves  the  internal  strains  due  to 
shrinkage,  etc.,  and  renders  the  metal  of  more  nearly  uniform 
hardness.  If  the  castings  are  not  annealed  they  are  generally 
allowed  to  age  or  season  tor  a  period  varying  from  a  few  days 
to  several  weeks.  The  object  of  this  "seasoning"  is  practically 
the  same  as  that  of  annealing. 

Cylinder  grinding  machines  have  been  developed  by  a  num- 
ber of  firms,  including  the  Heald  Machine  Co.,  of  Worcester, 
Mass.,  and  the  Brown  &  Sharpe  Mfg.  Co.,  of  Providence,  R.  I. 
In  these  grinders  the  twin  or  multiple  cylinders  are  clamped 
to  a  carriage  similar  to  a  lathe  carriage  which  has  a  longitudinal 
feed  and  a  cross  adjustment    The  grinding  wheel  and  spindle 
are  carried  in  a  rotating  head  which  is  provided  with  a  com- 
bfiiation  of  eccentrics,  by  means  of  which  the  wheel  can  be  fed 
against  the  work  or  set  for  bores  of  different  diameter.    These 
grinders  are  provided  with  several  speed  changes,  a  higher  speed 
being  usually  employed  for  the  finishing  cuts.    In  the  case  of  a 
twin   or   multiple  cylinder,   one  bore   is   finished  first   and   the 
casting  is  then  moved  sideways  by  means  of  the  movable  carriage 
to  bring  the  second  bore  in  line  with  the  head  of  the  grmder, 
which  can  be  accurately  done  by  means  of  a  micrometer  adjust- 
ment 

In  ordinary  grinding  work  the  metal  ground  off  and  the  parti- 
cles of  abrasive  lost  by  the  grinding  wheel  are  removed  by  a 
stream  6i  water  which  is  constantly  played  upon  the  parts  being 
ground.  In  cylinder  grinding  an  air  suction  is  substituted  for  this 
stream  of  water,  which  carries  the  metal  dust  and  abrasive  away 
as  fast  as  they  are  formed.    In  some  shops  water  at  a  temperature 
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Fig.   57.— Brown   &   Shahpe  Cyundee  Gbindeb. 

of  about  180°  F.  is  kept  circulating  through  the  jackets  while 
the  grinding  is  being  done,  the  object  being  to  have  the  cylinder 
walls  at  as  nearly  working  conditions  as  possible.  It  is  claimed 
that  if  the  cylinders  are  ground  cold  and  an  absolutely  perfect 
cylinder  is  obtained,  the  bore  will  not  be  perfectly  true  when  the 
cylinder  is  heated  up.  One  disadvantage  of  grinding  hot  is  that 
the  bore  will  not  be  true  when  cold,  and  a  perfectly  ground  cylin- 
der may  be  rejected  by  the  inspector.  It  is  best,  therefore,  when 
grinding  hot  to  inspect  the  cylinders  while  they  are  still  hot.  Cyl- 
inder bores  are  generally  tested  for  accuracy  by  means  of  limit 
gauges.  These  consist  of  two  steel  plugs  or  cylinders  differing  In 
diameter  by  one  or  two  one-thousandths  of  an  inch.  The  smaller 
one  of  the  two  should  just  enter  the  cylinders,  and  the  larger  one 
should  not. 

Valve  Plugs — The  openings  over  the  valves  are  usually  closed 
by  screw  plugs  which  are  chambered  out  to  reduce  their  weight 
These  openings  are  bored  to  a  diameter  A  or  J^  inch  larger 
than  the  outside  diameter  of  the  valve  head,  and  are  then 
threaded  with  a  tap  which  usually  has  iz  threads  to  the  inch. 
An  asbestos  filled  copper  gasket  is  placed  underneath  the  flange 
of  ;l:e  plug  to  insurt  gas  tightness.  Quite  frequently  the  spark 
plugs  are  screwed  into  these  valve  plugs,  and  the  plugs  must 
then  be  drilled  and  tapped  for  the  purpose.    The  most  commonly 
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used  thread  for  spark  plugs  is  the  S.  A.  E.  standard,  which 
is  Ji  inch  in  diameter  and  cut  with  18  threads  to  the  inch.  The 
part  of  the  plug  below  the  flange  is  Yi  inch  long.  The  priming 
cocks  also  are  sometimes  screwed  into  the  valve  plugs,  but  the 
preferred  practice  seems  to  be  to  place  them  m  the  cylinder  head, 
so  that  the  kerosene,  etc.,  introduced  through  these  cocks  will 
be  sure  to  get  into  the  cylinder  proper. 

When  there  is  sufficient  room  between  the  valve  plugs,  as  there 
generally  is  in  T-head  cylinders,  a  stud  and  yoke  are  often  em- 
ployed for  holding  two  adjacent  valve  plugs  in  place.  The  neces- 
sary size  of  stud  may  be  found  as  follows :  Assume  a  maximum 
explosion  pressure  of  400  pounds  per  square  inch  and  let  the 
diameter   of   the   valve   plug  be   d.     Then   the    total   pressure 

on  the  plug  is  i2^^ —  .    Owing  to  the  leverages,  the  tension  on 

4 
the  stud  is  twice  this,  and  allowing  a  factor  of  safety  of  5,  and 

considering  the  tensile  strength  of  the  material  to  be   100,000' 

pounds  per  square  inch,  the  size  of  the  stud  must  be  such  that 

the  cross  section  at  the  bottom  of  the  thread  is 

aX5X40oXrrf'        d^ 
4  X  100,000         ■"  32 
For  a  plug  2A  inches  in  diameter  the  area  should  be 

^^^-^  =s  0. 1 5  square  inch. 

Tile  nearest  size  to  this  in  sixteenths  of  an  inch,  cut  with  an 


Fig.  58. — Threaded 
Valve  Putg, 


Fig.  59.— Plugs  Held  Down  by  Yoke. 


Fig.  60.— Winton 
Breech  -  Block 
Valve  Closure. 
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S.  A.  E.  standard  thread,  is  }4  inch.  The  yoke  must  be  de- 
signed to  have  the  same  strength.  It  is  preferably  made  of  a 
drop  forging.  If  no  plugs  or  cocks  screw  into  the  valve  plugs, 
the  ends  of  the  yoke  can  bear  on  a  central  boss  on  the  valve  plug, 
otherwise  they  must  be  forked  and  bear  on  the  flange  of  the 
plug,  leaving  the  centre  free.  The  advantage  of  quick  removal 
of  the  plugs  with  this  method  of  fastening  is  lost  if  a  spark 
plug  is  screwed  into  the* valve  plug.  With  no  spark  plug, 
all  that  is  necessary  in  order  to  remove  the  valve  plug  is  to  give 
the  nut  on  the  stud  a  turn  or  two,  swing  the  yoke  around  and 
lift  the  plug  out  Such  a  plug  can  be  ground  to  its  seat  and  oo 
gasket  is  then  required. 

Another  form  of  quick  removable  valve  plug  embodies  the 
principle  of  the  breech  block.  A  disc  or  plate  fits  against  a 
shoulder  at  the  lower  end  of  the  valve  opening,  and  a  yoke  with 
flattened  ends  is  adapted  to  engage  with  its  ends  in  opposite 
grooves  milled  in  the  wall  of  the  opening,  which  it  enters  through 
a  slot  provided  for  the  purpose.  A  set  screw,  extends  through 
the  centre  of  the  yoke,  and  by  drawing  this  up  tight  against  the 
disc  at  the  bottom  of  the  valve  plug  opening  the  disc  is  fixed  in 
place. 

Cylinder  Head  Clof  urei — ^It  is  comparatively  seldom  that  cyl- 
inder heads  are  cast  entirely  closed,  although  if  they  are  made 
that  way  the  amount  of  machine  work  necessary  is  reduced.  The 
reason  for  casting  them  with  an  opening  is  that  the  cylinder 
core  can  then  be  better  supported  and  the  wall  thickness  will 
be  more  uniform.     The  jacket  heads  are  generally  cast  with 

large  openings,  especially  in  block 
cylinders,  which  are  closed  by  alumi- 
num plates.  Fig.  61  shows  one  rather 
popular  method  of  closing  the  two 
openings  in  the  top  of  the  cylinder 
casting.  A  plug  is  screwed  into  the 
opening  in  the  cylinder  head.  This 
plug  is  provided  with  an  integral 
stud,  by  means  of  which  the  alumi- 

FtG.  61.-CYLINDER  Head    ^"«^  «>^Y  ^^f^^   «  clamped  down. 
Closure  Instead  of  makmg  the  stud  mtegral 

with  the  plug  it  can  be  screwed  info 
it  The  stud  may  be  drilled  through  its  centre  for  the  reception 
of  the  priming  cock.  In  some  motors  the  openings  in  the  cylinder 
head  and  jacket  head  are  closed  by  separate  plugs. 
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Fan  Bncfcct  Support — In  a  consid- 
erable number  of  carl  the  bracket  for 
supporting  the  radiator  fan  is  fixed  to 
the  engine  cylinder,  and  if  this  arrange- 
ment is  desired,  provisions  must  be  made 
in  the  cylinder  design  for  the  neccssaiy 
screw  holes  and  machined  surface.  The 
bracket  usually  has  quite  a  long  over- 
hang, and  a  rigid  support  must  therefore 
be  provided  with  a  relatively  long  verti- 
cal base.  Fig.  62  shows  a  typical  design. 
The  bradcet  is  held  in  place  by  substan- 
tial studs  screwed  into  the  cylinder  wall 
near  the  top  and  bottom  of  the  water 
space.  The  bracket  itself  is  provided 
with  oblong  holes  through  which  these 
studs  pass  and  with  a  set  screw  on  top, 
the  point  of  which  bears  against  the  top 
stud.  Bs  means  of  this  set  screw  the  bracket  can  be  adjusted  up 
and  down  to  get  the  proper  belt  tension. 
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PISTON.  PISTON  RINGS  AND  PISTON  PIN. 

The  piston  in  a  gasoline  motor  serves  a  triple  function.  It 
forms  the  movable  wall  of  the  combustion  chamber,  allowing 
that  chamber  to  increase  and  decrease  in  volume.  It  receives 
the  pressure  of  the  expanding  gases  and  transmits  this  pressure  to 
the  connecting  rod,  and  it  forms  a  crosshead  through  which  the 
side  thrust  due  to  the  angularity  of  the  connecting  rod  is  trans- 
mitted to  the  cylinder  wall. 

The  piston  makes  of  the  combustion  chamber  a  closed  vessel 
of  variable  capacity.  Since  the  pressure  within  the  ccynbustion 
chamber  is  sometimes  as  high  as  400  pounds  per  square  inch,  a 
high  degree  of  gas  tightness  is  essential  The  cylinder,  as  al- 
ready stated,  is  bored  so  as  to  form  as  nearly  as  possible  a  true 
cylinder.  If  the  piston  were  turned  to  exactly  the  same  diameter 
as  the  bore  over  its  whole  length  it  might  give  a  fairly  gas  tight 
joint  But  this  is  impossible,  owing  to  the  difference  in  the  heat 
expansion.  The  piston  head  heats  more  than  the  cylinder  wall, 
because  it  is  not  water  jacketed,  and  the  head  end  of  the  piston 
also  heats  more  than  the  open  end,  which  latter  is  not  exposed  to 
the  heat  of  the  burning  gases,  and  receives  heat  only  by  trans- 
mission. These  facts  must  be  taken  into  consideration  in  design- 
ing the  piston,  which  must  be  made  of  less  diameter  at  its  head 
end  than  at  its  open  end,  and  of  less  diameter  than  the  bore  at 
its  open  end.  If  it  were  made  of  the  same  diameter  as  the  bore, 
so  it  was  a  tight  running  fit  in  the  cylinder  when  cold,  it  would 
stick  when  the  motor  heated  up.  Since  the  piston  must  be  made 
of  smaller  diameter  than  the  cylinder  it  cannot  be  depended  upon 
to  insure  gas  tightness.  This  quality  is  attainable  only  by  means 
of  flexible,  split  metallic  rings,  called  piston  rings,  three  or  four 
of  which  are  placed  upon  the  piston  in  grooves  turned  for  the 
purpose  in  its  outer  circumference.  These  rings  are  originally 
turned  to  a  somewhat  larger  diameter  than  the  bore  of  the  cylin- 
der,  and  a  small  section  is  then  cut  out  of  them,  so  that  they  can 

120 


PISTON,  PISTON  RINGS  AND  PISTON  PIN.       121 

be  sprung  together  to  almost  go  inside  the  cylinder.  Their  outer 
surface  is  then  finished  off  again  while  in  this  compressed  state 
to  the  exact  diameter  of  the  bore.  Since  the  ring  was  com- 
pressed to  the  diameter  of  the  bore,  when  in  its  groove  in  the 
piston  and  inserted  into  the  cylinder,  it  will  exert  a  pressure 
against  the  cylinder  wall  over  its  entire  surface,  and  thus  insure 
practical  gas  tightness. 

Allowance  for  Differencef  in  Heat  Expansion— The  cylin- 
der wall,  which  is  in  direct  contact  with  the  cooling  water,  never 
rises  higher  in  temperature  than  the  boiling  point,  and  its  aver- 
age temperature  at  full  load  may  be  taken  as  200^  Fahr.  The 
piston  head,  however,  which  is  not  provided  with  any  cooling 
means,  attains  a  temperature  of  about  700**  Fahr.,  which  cor- 
responds to  the  average  temperature  in  the  combustion  chamber. 
The  open  end  of  the  piston  will  reach  a  temperature  of  about 
300*"    or    a    little    more.      The    temperature    of    the    cylinder 

walls  has  repeatedly  been  determined  experimentally,  but  the 
temperatures  of  the  piston  and  rings  are  based  upon  theoretical 
reasoning,  since  their  experimental  determination  involves  great 
difficulties.  As  regards  the  temperature  of  the  piston  head, 
it  stands  to  reason  that  it  will  be  slightly  less  than  the  mean 
ordinate  which  would  be  obtained  if  a  curve  were  drawn  with 
the  cylinder  temperature  as  ordinates  and  the  time  of  9  cycle  as 
the  abscissas,  since  there  is  little  otl^er  chance  for  the  cylinder 
head  to  dispose  of  its  heat  than  to  the  cool  gas  of  the  incom- 
ing charge.  The  piston  rings,  which  are  on  three  sides  in  con- 
tact with  metal  at  500"*  to  600"*  Fahr.  and  on  one  side  with  metal 
at  200^  Fahr.,  will  naturally  have  a  temperature  about  midway 
between  these  figures.  What  concerns  us  particularly  is  the  dif- 
ferences between  the  temperature  of  the  cylinder  wall  and  the 
temperatures  of  the  two  ends  of  the  piston  and  the  piston  rings, 
since  these  determine  the  differences  in  expansion  that  must  be 
provided  against.  These  differences  are  500^  for  the  top  end  of  , 
the  piston  and  100^  for  the  bottom  end  and  the  rings.  The  ex- 
pansion of  cast  iron  is  0.000556  inch  per  inch  per  100^  Fahr., 
consequently  a  4  inch  piston  must  be  turned 

4  X  5  X  0.000556  =  0.0111  inch 

smaller  than  the  bore  at  its  head  end  and 

4  X  1  X  0.000556  =  0.0022  inch 

smaller  than  the  bore  at  its  open  end.  These  are  the  allowances 
theoretically  required.  Slightly  smaller  allowances  are  generally 
made  in  American  water  cooled  motors,  probably  because  auto- 
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fDotnle  motors  seldom  work  at  full  load  for  any  Icngtli  of  time 
The  subject  will  be  furtiier  Hi«rwOT^^  later  on. 

Fornw  of  Piston  Kiagi — ^While  the  piston  rin^  bears  tightly 
against  the  cylinder  wall  nearly  aS  aroond  there  is  a  chance  f or 
gas  leaks  at  the  cot  or  split  in  the  ring.  Two  forms  of  these  cuts 
are  in  common  use.  These  are  known  respectively  as  the  diagonal 
cut  and  the  lap  joint  cut,  and  are  illustrated  in  Fig.  61  It  is 
directif  apparent  that  with 
the  diagonal  cot  there  is  a 
leakage  path  for  the  gas  if 
the  ends  of  the  ring  do  not 
come  dose  together.    Some 

slight  space  must  be  left  be*  ^imyom^i  c»tr 

tween  the  ends  of  the  ring 
to  allow  for  variations  in 
its  temperature,  as  com- 
pared with  the  temperature 
of  the  cylinder,  for  if  the 
ends  should  come  together  ^^    ••/jt^ 

and  the  ring  heat  up  ^11  y^  fil-ftsroK  Ring  Joints. 

moft  It  would  break.    The  '' 

aim,    then,    should    be    to 

make  the  cut  no  greater  than  actually  required.  Since 
the  difference  in  temperature  of  the  ring  and  the  cylinder 
wall  is  limited  to  300  degrees,  the  heat  expansion  will  be 
w^dx^xojooossS,    In  the  case  of  a  4  inch  bore  it  will  be 

3.i4X4X3Xaooo5S6«ox>2x  inch. 

The  distance  apart  of  the  ends  when  the  ring  is  compressed  in 
the  cylinder  should  therefore  be  slightly  more  than  ooai  inch  in 
the  circumferential  direction  If  the  ring  is  cut  at  an  angle  of 
45  degrees*  the  actual  distance  apart  should  be  slightly  more  than 

OX»iX8in45*« 

0.021  xo.707»ox>i5  inch, 
say,  1-64  inch. 

Leakage  Around  Piston  Rings — ^With  a  lap  jointed  ring 
there  is  also  a  small  leakage  path  for  the  gas  at  the  joint;  it  is, 
however,  not  direct  or  straight,  as  in  the  case  of  the  diagonal 
joint,  but  tortuous.  This  is  illustrated  in  Fig.  64.  We  found 
that  the  piston  at  its  head  end  must  be  turned  about  0.0111 
inch  small  in  diameter,  so  if  it  were  centred  in  the  cylinder  it 
would  have  a  clearance  of  0.0055  inch  all  around.  This  is  shown 
exaggerated  in  the  illustration.  The  tongues  or  overlapping  por- 
tions also  do  not  quite  fill  up  the  slots  cut  for  them,  and  thf^ 
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ring  at  the  cut  is  only  about  one-half  the  depth  of  the  ring 
groove.  The  gas,  therefore,  passes  from  the  piston  clearance 
space  into  the  lap  joint  clearance  space,  down  the  latter  space 
to  the  bottom  of  the  ring  groove,  thence  into  and  up  the  other 
lap  jbint  clearance  and  out  into  the  piston  clearance,  as  shown 
by  arrows  in  the  cut. 

Another  thing  that  must  be  taken  into  account  is  that  the 
ring,  although  nicely  fitted,  is  not  an  absolutely  tight  fit  in  its 
groove.  It  has  a  slight  amount  of  play  in  the  groove,  and  it  will 
bear  against  one  side  of  the  groove  or  the  other,  according  to 
the  direction  of  the  resultant  of  the  forces  acting  on  it.  The 
slight  opening  thus  left  all  around  between  the  sides  of  the 
piston  and  the  ring  gives  plenty  of  chance  to  the  gas  to  get 
under  the  ring  during  the  compression  stroke,  when  the  ring  is 
in  contact  with  the  lower  side  of  the  groove,  but  fortunately  the 
gas  can  get  out  from  underneath  the  ring  only  through  the 
smafl  joint  clearance.  During 
the  power  stroke  the  top  rings  at 
least  will  also  bear  against  the 
lower  side  of  the  groove,  since 
the  gas  pressure  on  them  will  ex- 
ceed the  inertia  and  friction 
forces. 

The  leakage  path  due  to  the 
joint  clearance,  as  illustrated  in 
Fig.  64,  can  be  reduced  in  vari- 
ous ways.  The  lap  joint  clear- 
ance should  be  made  as  small  as 
possible,  so  that  the  ends  of  the 
ring  come  almost  together  when 
the  ring  reaches  its  maximum 
temperature.  The  minimum  clear- 
ance can  be  calculated  in  the 
same  way  as  illustrated  in  con- 
section  with  the  diagonal  cut  ring. 

Moreover,  although  the  piston  has  an  average  clearance  of  0.0055 
inch  in  the  cylinder  all  around,  the  cuts  in  the  rings  can  be  so 
distributed  over  the  circumference  that  at  the  cut  in  one  ring 
at  least  the  piston  will  always  bear  tightly  against  the  cylinder 
wall,  so  there  is  no  chance  for  the  gas  to  get  into  the  lap  joint 
clearance. 

Gas  tightness  is  particularly  essential  during  the  compression 
and  expansion  strokes.    Now,  in  a  motor  turning  right  handedly 


I 


Fig.  64. — ^Leakage  Path 
Around  Piston  Ring. 
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vyyyyyy//yy/A 


^s^msm^ 


the    piston    is    pressed 

against  the  right  side  of 

the  cylinder  wall  by  the 

connecting     rod    during 

the   compression   stroke, 

^  ^         .  and  against  the  left  side 

.^       ^     ^  ^       ^  of  the  cylinder  wall  dur- 

Fta.  65.— Position  OF  Ring  During   j^^    ^^   ^^^^    g^^^j^^ 


So  in  case   four   rings 


Compression  Stroke. 

are  use^,  tlie  rftigs  sfibuHT  5e  placed  so  that  all  the  cuts 
will  he  in  the  plane  of  connecting  rod  travel,  two  on  one 
side,  and  two  on  the  opposite  side  of  the  piston.  If  only 
three  are  used,  as  is  more  common,  two  cuts  might  he  placed 
on  the  left  side  of  the  piston  in  the  case  of  a  motor  rotating  right 
handedly,  and  one  on  the  right  side.  The  very  common  practice 
of  spacing  the  cuts  evenly  over  the  circumference  is  evidently 
wrong. 

MaterUi  of  Ring*— In  order  to  introduce  the  rings  into 
their  grooves  they  must  be  sprung  out  sufficiently  to  pass  over 
the  pistons.  The  material  from 
which  they  are  made  must,  there- 
fore, have  considerable  elasticity, 
and  from  this  point  of  view  a 
high  carbon  spring  steel  would  be 
the  most  suitable.  But  owing 
to  the  fact  that  spring  steel  is 
harder  than  cast  iron,  such  rings 
would  tend  to  cut  the  cylinder 
bore.  Cast  iron  is  therefore  used, 
in  spite  of  its  limited  elasticity. 
The  best  grade  of  tough,  dense 
gray  iron  should  be  chosen  for 
the  purpose.  As  a  rule  the  cyl- 
indrical castings  from  which  the 
piston  rings  are  cut  are  poured 
from  the  same  "run"  in  the  foun- 
dry as  the  cylinders  and  pistons. 
It  is  claimed,  however,  that  an 
iron  with  somewhat  less  silicon 
and  more  sulphur  than  the  or- 
dinary cylinder  iron  is  more  suit- 
able for  piston  rings,  being  more 
springy  and  harder.  It  is  appar- 
ent that  the  strains  to  which  the  material  of  the  ring  is  subjected  in 


Pre.   66. 
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stripping  it  over  the  piston,  and  in  compressing  it  in  the  cylinder, 
depend  upon  the  thickness  of  the  ring  in  proportion  to  the  cyl* 
inder  bore.  The  thickness  must  be  so  chosen  that  the  safe  work- 
ing stress  of  the  material  will  not  be  exceeded  either  in  stripping 
the  ring  over  the  piston,  or  later  when  the  ring  is  compressed, 
and  the  ring  should  be  so  designed  that  the  stress  in  the  ring  is 
about  the  same  when  it  is  being  put  on  the  piston  as  when  it  is 

in  the  cylmder,  as  under  these  conditions  a  ring  exerting  a  cer- 
tain pressure  per  square  inch  against  the  cylinder  wall  will  be  sub- 

subjected  to  the  least  maximum  strain,  and  the  chances  of 
breakage  will  then  be  a  minimum. 

Stresses  in  Piston  Rings — In  Fig.  66  is  represented  a  sec- 
tion A  B  C  D  ol  z  piston  ring,  the.  original  outside  radius  of 
which  is  r,  and  the  thickness  t.  Suppose  that  in  order  to  strip 
this  ring  over  the  piston  it  has  to  be  expanded  to  a  radius  tu 
The  actual  change  in  the  radius  is  comparatively  slight,  and 
some  of  the  dimensions  in  the  figure  are  exaggerated  for  the 
purpose  of  more  clearly  showing  the  effects  of  expanding  the 
ring.  The  fibres  at  the  outer  circumference  of  the  ring  will  be 
compressed,  and  the  fibres  along  the  inner  circumference  of  the 
ring     will     be    extended,    the    section    assuming     the     form 

A\  B\  C\  D\  It  is  shown  in  text  books  on  the  mechanics  of 
materials  that  the  celative  extension  of  material  under  tension 
and  its  compressioQ  under  pressure  are  equal  to  the  stress  S,  to 
which  it  is  subjected,  divided  by  its  coefficient  of  elasticity  E, 
Therefore,  referring  to  Fig.  66  let  5  be  the  tension  on  the  inner 
fibres  of  the  ring,  and  — .9  the  compression  on  the  outer  fibres. 
The  tension  and  compression  are  equal,  because  the  riny  is  sub- 
jected to  plain  bending  stresses.    We  may  then  write 

—  5      A'  B'  —  AB      A'  B'  _ 
E    "         AB         "  AB       ^ 

s     lya^Dc    lya 


E  —         DC        ""  DC 


—  I. 


Transpofltng, 

A' B'      — *5 


^-1+ •<»> 

Butyf  B  :  D  C=^r  :r  —  t^ 

and  A^  B*  .•  ZX  C'  =  r^  :  rj-  » 

Dividing  the  lower  proportion  by  the  upper 

A^B^      D'_C' _r^      ri  — i, 
AB    '    DC  ^r    '  r—'t 
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.  SiibstitattDg  the  values  of  --—-•  and  ->--r.  found  ia  (34)  and  (35) 

A  Jf  £}  C 

—  5  .   _      5 


£.  h  r       r  —  t 


S 


r  —  t 


r 


rx^t 


Cmuaqiieiitly 

This  equation  gives  the  stress  in  the  outermost  fibres  of  the 
ring  when  expanded  to  an  outer  ^radius  n  to  be  stripped  over  the 
piston.  It  is  now  to  be  determined  what  this  radius  n  must  be. 
If  the  ring  is  to  be  subjected  to  the  same  stress  when  stripped 
over  the  piston  as  when  compressed  in  the  cylinder,  its  outer 
radius  r  when  in 
the  free  state  must 
be  a  mean  between 
the  radius  n  when 
it  is  expanded,  and 
the  radius  r%  of 
the  cylinder  bore. 
Now,  suppose  that 
the  ring  is  concen- 
tric, of  thickness  t, 
and  that  it  can  be 
so  manipulated  that 
it  will  form  a  true 
circle  when  ex- 
panded so  that  it 
will  just  pass  over 


Fig.  67. 


the  piston.  Then  the  outside  radius  n  will  be  ri  +  r.  In  reality  the 
ring  when  expanded  by  applying  opposing  tangential  forces  to  its 
end,  as  shown  in  Fig.  67,  will  not  form  a  true  circle,  but  approach 
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an  ellipse  in  form,  ov/ing  to  the  fact  that  when  thus  expanded  the 
bending  moment  on  the  ring  is  a  maximum  opposite  the  cut, 
and  that  is  where  most  of  the  bending  takes  place.  This  ten- 
dency to  localization  of  the  bending  can  be  counteracted  by  ap- 
plying pressure  to  the  ring  in  the  direction  toward  the  centre, 
about  75  degrees  on  each  side  of  the  cut  By  applying  this  ex- 
pedient when  inserting  the  ring  into  its  groove  it  need  not  be 
expanded  to  an  appreciably  greater  radius  than  ra  +  <  to  get  it 
over  the  piston.    We  then  have 

ri-r^  +  i 

a 
Inserting  these  values  in  equation  (36) 


S-E 


^r*  —  t^+r^t 


But  r%  is  equal  to  one-half  the  cylinder  bore,  or  to  -. .    Hence 

2 

S^E ^^—T-i (37 

^    4 
In  this  discussion  we  have  assumed  that  the  ring  is  concentric, 

L  e.,  of  uniform  thickness  all  around,  and  that  when  it  is  stripped 
over  the  piston  its  curvature  is  changed  uniformly  over  the 
whole  circumference.  In  practice,  however,  these  conditions  do  not 
entirely  hold  true.  Both  in  expanding  the  ring  and  in  compress- 
ing it  the  stress  will  be  greatest  at  the  point  opposite  the  cut, 
and  it  is,  therefore,  this  part  of  the  ring  that  demands  special 
investigation,  because  if  that  is  so  proportioned  that  it  is  not 
overtaxed,  the  rest  of  the  ring  will  be  safe. 
In  view  of  the  fact  that  /  in  actual  piston  rings  is  only  aboift 

—  t  the  expression  ^t  _i_  — :  in  the  denominator  of  the  right  hand 
30  •  ^  4 

member  in  equation  {z7)  can  be  neglected  in  comparison  with 

fr*  without  appreciable  error  (less  than  one  per  cent),  and  the 

equation  then  becomes 

'-^i ^ 
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which  tnaj  be  transformed  ioio 

'-»V^- ••••<» 

The  coefikient  of  elasticity  E  of  cast  iron  is  about  15,000,0001 
Since  the  stress  is  practically  unchangeable,  it  may  be  compara- 
tively hig^,  say  iSfioo  pounds  per  square  mch.  These  values  in- 
serted in  equation  (39)  give 

i^a/       »S.ooo_^^  *   ^, 

r      15,000,000         32 

With  a  concentric  ring  this  is  nearly  the  maximum  thickness 
which  can  be  safely  gotten  on  to  the  piston,  though  with  an  ec- 
centric a  somewhat  greater  thickness  is  permissible  at  the  point 
opposite  the  cut. 

The  general  practice  in  this  country  is  to  have  the  ring  one- 
half  as  thick  at  the  cut  as  opposite  the  cut  In  that  case,  calling 
t  the  thickness  opposite  the  cut,  we  have 

which  inserted  in  equation  {Z7)  sive 

S^E ii! 

4 
Neglecting  the  expression  —  /'-(-  ^-li,  this  rednces  to 

16  r," 

Svbfttitnting  ~  for  r,  we  get 

2 

4  'f 

and  assutning  the  same  stre*s  and  coefficient  of  elastidty  as 
above,  we  get  for  the  permissible  thickness  opposite  the  cut 

*^    ''     uo 


.'  *=  rfl/ 


3£      27.5 

This  gives  about  5-32  inch  for  a  4  inch  piston,  and  A  inch  for 
a  5  inch  piston. 

Pressure  Against  Cylinder  Wall^This  pressure  is  radially 
outward  and  should  preferably  be  uniform  over  the  entire 
surface  of  the  ring.  It  is  balanced  by  an  equal  and  opposite 
reaction  of  the  cylinder  wall  against  the  ring.  We  will  denote 
this  reaction  per  square  inch  by*  p,  and  the  width  of  the  ring 
(the  dimension  in  the  direction  of  piston  travel)  by  w. 
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The  reaction  of  the  cylinder  wall  on  the  ring  produces  a 
bending  effect  in  the  latter  which  subjects  the  material  of  the 
ring  to  a  certain  stress.  The  pressure  of  the  ring  against  the 
cylinder  wall  and  the  stress  in  the  material  of  the  ri^^T;  are 
mutually  related,  and  we  will  now  investigate  this  relation. 
We  will  take  a  cross  section  of  the  ring  at  C,  Fig.  68,  and  find 
the  bending  moment  for  that  section. 


Consider  a  small  strip  da  of  the  ring  surface  between  A  and  C 
The  area  of  this  strip  is  evidently  w  da,  and  the  total  pressure 
on  it,  p  w  da,  ,This  pressure  can  be  divided  into  two  com- 
ponents, one,  p  w  da  sin  ^,  parallel  to  the  cord  A  C,  and  the 
other,  p  w  da  cos  4>,  perpendicular  to  the  cord  A  C,  It  is  di- 
rectly apparent  that,  considering  the  pressure  acting  on  the 
entire  arc  A  C,  the  components  parallel  to  cord.  A  C  vanish, 
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and  ft  is  only  the  components  pexpendicular  to  A  C  that  pro- 
duce a  bending  moment  at  C 

Considering  the  expression  for  this  petpendicular  component, 
ire  find  diat 

a  a  cos  ^  ^  aCp 
because 

Angle  G  E  F  W  =anglc  HEM, 
H  E  being  perpendicular  to  E  F  and  E  M  perpendicular  to 
E  G,  and 

Angle  H  E  Jf  =  angle  EMC, 
H  E  being  parallel  to  M  C.    The  line  £  Jf  is  a  tangent  to  the 
arc  ^  C  at  E,  and  conq>rises,  therefore,  the  short  section  da  of 
this  arc 

The  component  of  the  radial  pressure  on  da  perpendicular  to 
A  C  is  therefore  p  w  dc.  That  is,  that  component  of  the  radial 
pressure  on  any  small  strip  da  across  the  circumference  of  the 
ring  which  produces  a  bending  moment  at  C  is  equal  to  the 
product  of  the  area  of  the  projection  of  that  strip  on  the  cord 
A  C,  into  the  radial  pressure.  As  this  applies  to  every  small 
strip  of  the  arc  A  C,  it  follows  that  the  total  pressure  producing 
a  bending  moment  at  C  is 

Jipwdc=pwAC. 

But 

B  0 

A  C=  2  i#  (7  sin  —  =  2  r,  sin  —  • 

2  2 

The  above  force  acts  on  the  point  C  through  lever  arms  vary- 

ing  in  length  from  zero  to  2  r^  sin —  ,  the  mean  length  being 

2 

/s=r,8tn  —  » 

2 

consequently  the  bending  mofhent  at  C  is 

M^  2/  «/  rj'sin*  —  =  ^ sin"  —  • 

222 

The  resistance  to  bending  of  a  rectangular  section  of  base  w 

and  height  t  is 

The  bending  moment  is  equal  to  the  resisting  moment,  and 
we  may  therefore  write 

sm*  —  = > 

226 

from  which  it  follows  that  the  radial  pressure  of  the  ring  is 

^-r^^ ^^ 

3  Bn"  — 
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We  started  out  with  the  supposition  that  P  was  constant, 
and  by  analyzing  equation  (41)  we  find  that  in  case  the 
thickness  of  the  ring  is  constant,  p  varies  inversely  as  the 
square  of  the  sine  of  half  the  angular  distance  from  the  cut 
in  the  ring.  The  only  way  in  which  p  can  be  made  constant  is 
by  varying  the  thickness  t  of  the  ring  with  the  angular  distance 

from  the  cut,  t  appearing  in  the  numerator  and  sin  —   in  the 

2 

denominator  of  the  expression  for  p.  Equation  (41)  may  be 
transformed  to   read. 


y    S        2 


0 
For  the  point  opposite  the  cut,  for  which    —  =90  degrees  an 


2 


sin    —   =1,  we  have 

2 


•«-*/^s 


11. 


But  the  thickness  at  this  point  has  already  been  fixed  by  equa 
tion  (39)  >  which  may  be  changed  to  read 

Hence  we  may  write 

'e"^  s 

'-3^ W 

This  equation  shows  that  the  radial  pressure  of  the  rinjj 
varies  only  as  the  square  of  the  stress  in  the  material;  hence, 
since  the  permissible  stress  is  limited,  the  radial  pressure  is 
dosely  limited  as  to  its  higher  values.  If  we  assume  the  former 
values  for  the  worldng  stress  and  coefficient  of  elasticity,  viz^ 
5"=  15,000  pounds  per  square  inch  and  £  =  15,000,000,  then 

.  _^  15.000  X  15.000  «.  -  founds  per  square  inch. 
3  X  15,000,000 
Eccentric  vs.  Concentric  Rings— At  90  degrees  from  the 
cut,  for  which 

—  =  45  degrees. 

2 

.    e 

sm  —  =  0.707, 

a 
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and 

sin' —  —0.59 

2 

the  thickness  should  be 

At  the  ends  of  the  ring,  that  is,  at  the.cut»  for  which 

angle —  =  O, 

2 

8i»«^  =  0, 

2 

and  the  thickness  of  the  ring  should  therefore  he  zero.  This 
condition  must  be  fulfilled  if  a  ring  which  is  originally  turned 
on  its  outer  circumference  to  a  circle  of  greater  diameter  than 
the  bore  is  to  fit  into  the  bore  with  a  uniform  pressure  over 
its  entire  surface.  In  practice,  however,  it  would  be  impossible 
to  reduce  the  thickness  of  the  ring  to  nothing  at  the  cut. 
Not  only  would  such  a  ring  be  exceedingly  delicate  in  handling, 
but  it  would  certainly  not  be  gas  tight  near  the  cut  The 
above  mathematical  discussion,  however,  clearly  shows  the  reason 
for  making  piston  rings  eccentric,  that  is,  of  less  thickness 
near  the  cut  than  opposite  the  cut  This  is  done  with  the  object 
of  making  the  pressure  on  the  cylinder  wall  more  nearly  equal 
all  around  the  ring.  Eccentric  rings  are  almost  universally 
used  in  this  country,  though  in  Europe  concentric  (uniform 
thickness  rings)  are  extensively  used.  A  noted  German  writer, 
Hugo  Guldner,  in  his  work  on  the  internal  combustion  motor, 
recommends  the  use  of  concentric  rings,  because,  as  he  says,  the 
object  of  eccentric  rings,  viz.,  uniform  pressure  all  around, 
cannot  be  attained  anyhow.  While  an  absolutely  uniform  pres- 
sure cannot  be  attained  in  this  way,  uniformity  can  be  approached, 
and  that  is  worth  something.  Of  course,  this  advantage  is 
partly  offset  by  the  fact  that  the  eccentric-  ring  leaves  con- 
siderable space  in  the  groove  near  the  cut  and  the  gas  will  pass 
around  it  easier  if  it  does  not  make  a  tight  joint  with  the 
side  of  the  groove. 

Width  of  Ring — ^The  consensus  of  opinion  among  engineers 
is  that  it  is  best  to  make  the  rings  comparatively  narrow.  For 
instance,  for  a  5  inch  piston,  four  rings  each  9-32  inch  wide, 
would  be  considered  superior  to  three  rings  each  H  inch  wide. 
A  good  rule  is  to  make  the  width  of  the  ring 

w=  — (43) 

20 


PISTON,  PISTON  RINGS  AND  PISTON  PIN.       133 

If  the  rings  are  made  narrower  the  length  of  the  piston  can 
be  reduced  and  the  weight  of  the  reciprocating  parts  thus  minim- 
ized, which  increases  the  speed  of  maximum  output,  and  con- 
sequently the  output  itself.  A  shorter  piston  also  means  a 
shorter  cylinder,  and  consequently  a  lighter  motor.  Besides, 
the  amount  of  power  lost  on  account  of  the  friction  of  the 
rings  increases  almost  directly  with  the  width  of  the  rings.  If 
the  rings  are  carefully  made  so  they  bear  firmly  against  the 
cylinder  wall  all  around,  nothing  will  be  gained  by  making  the 
width  of  the  rings  more  than  one  and  one-half  times  their 
maximum  thickness. 

Mantifacttire  of  Rings — Piston  rings  are  made  from  hollow 
cylindrical  castings  or  blanks,  Fig.  69,  cast  with  three  or  four 


Fig.  69. — Piston  Ring  Blank. 

lugs  at  one  end,  by  means  of  which  they  can  be  bolted  to  the 
face  plate  of  a  lathe  or  to  a  special  plate,  which  in  turn  is  bolted 
to  the  face  plate.  The  castings  are  generally  made  of  sufficient 
length  to  furnish  from  12  to  15  rings  eadi.  As  a  rule,  the 
blanks  are  turned  up  on  the  outside  and  bored  out  on  the  in- 
side, but  in  some  cases  they  are  not  finished  on  the  inside,  be- 
cause it  is  considered  that  the  scale  makes  the  ring  more  springy. 
At  the  end  where  the  lugs  are  the  casting  may  be  provided  wiUi 
a  flange  to  stiffen  it  while  it  is  being  machined. 

A  fixture  for  turning  the  ring  blanks  eccentrically*  is  shown 
in  Fig.  70.  A  circular  disc  A  is  secured  to  the  face  plate  B 
of  the  lathe  by  means  of  three  bolts.    It  swivels  around  the  top 

bolt  C,  this  being  permitted  by  oblong  slots  through  which  the 
other  two  bolts  D  and  E  pass.  The  swivel  motion  is  limited  by  a 
stop  pin  F.  The  ring  blank  is  bolted  to  the  plate  A  by  means 
of  four  studs  5*.  In  machining  up  the  casting,  the  disc  A  is  first 
swung  over  to  one  side  as  far  as  stop  pin  F  permits,  and  fixed  in 
plac^  and  the  outside  is  turned  up.  Then  the  disc  is  swung 
over  to  the  opposite  side  and  tightened,  and  the  casting  is  bored 
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Fio.  ?o. — Eccentric  Tubning  Fixture. 


out.  The  degree '  of  eccentricity  depends,  of  course,  upon  the 
range  of  travel  of  the  pin  F  in  its  slot.  In  the  illustration,  the 
distance  from  C  to  the  centre  of  the  casting  is  one-half  the  dis- 
tance from  C  to  F,  and  the  eccentricity  will  therefore  be  equal 
to  one-half  the  motioh  of  F  in  its  slot. 

After  the  blank  is  thus  finished  up,  the  rings  are  cut  at  the 
same  setting  by  means  of  a  multiple  cutter  tool,  as  shown  in 
Fig.  71.  A  casting  A,  secured  to  the  lathe  carriage,  is  drilled 
with  a  number  of  holes  equal  to  the  number  of  rings  to  be  cut 
from  one  casting.  These  holes  are  tapped  for  adjusting  screws 
'  for  the  toots,  and  vertical  slots  are  then  milled  in  the  casting 
for  the  cutters,  central  with  the  adjusting  screw  holes.  The  cut- 
ters are  clamped  down  to  the  tool  rest  in  pairs  by  means  of  small 
clamping  plates  held  by  two  screws  each.  The  tools  are  set  so 
that  any  one  of  them  has  a  slight  lead  over  the  one  next  to  it  in 
the  direction  toward  the  lathe  head,  so  that  the  ring  cut  from 


Fig.  7i.-~CuiTiNG  Off  Tool. 
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the  end  of  the  casting  farthest  from  the  head  will  be  detached 
first  Since  the  casting  remains  id  the  position  in  which  it 
was  bored,  it  will  revolve  concentrically  with  the  inner  surface, 
which  will  facilitate  the  cutting-  off  operation.  It  is  common  to 
slightly  round  the  nose  of  the  tools  on  the  side  toward  the  lathe 
head.  This  leaves  a  fin  on  the  casting  when  a  ring  is  detached, 
which  is  removed  before  the  next  ring  is  cut  off. 

Qrlndlng  Rias*— It  is  now  common  to  grind  piston  rings  on 
both  sides  and  on  the  circumference,  and  in  turning  the  bbnk 
and  cutting  off  the  rings  the  proper  allowance  must  be  made  for 
this  grinding.  The  allowance  in  width  for  grinding  on  the  sides 
should  be  from  twenty  to  thirty-one  thousandths  of  an  inch.  The 
next  operation  consists  in  grinding  the  sides  of  the  ring.  This  is 
done  on  a  special  piston  ring  grinding  machine  on  which  the 


^G.  72.— Healb  Pistow  Ring  Gbinder, 
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rings  are  held  by  means  of  a  magnetic  chuck.     Such  a  piston 
ring  grinder  is  illustrated  in  Fig.  72. 

Next  the  rings  are  cut  open.  This  operation  differs,  of  course* 
according  to  whether  the  ring  is  to  have  a  diagonal  joint  or  a 
lap  joint.  In  either  case  the  cutting  is  done  on  a  hand  miller 
with  a  cutter  of  exactly  the  right  width  for  the  slot  to  be  cut 
After  this  operation  it  is  best  to  submit  the  rings  to  a  test  before 
doing  any  further  work  upon  them,  so  as  to  minimize  the  waste 
due  to  rejections.  The  easiest  way  to  make  this  test  con- 
sists in  forcing  the  ring  over  a  tapered  arbor  to  a  certain 
mark  and  rejecting  all  rings  which  show  more  than  a  certain 
permanent  set,  determined  by  measuring  the  width  of  the  slot 
before  and  after  the  test 

Next  the  rings  are  ground  on  the  outside,  and  in  order  that 
they  may  perfectly  fit  the  cylinder  after  being  ground  and  exert 


Fig.  73.— Piston  Ring  Clamp. 

an  even  pressure  all  around  their  circumference,  as  nearly  as  that 
is  possible,'  they  are  first  compressed  in  a  fixture,  then  clamped 
on  an  arbor  while  in  the  compressed  state,  and  finally  ground 
down  to  the  exact  diameter  of  the  cylinder  bore.  A  clamp  suit- 
able for  compressing  the  rings  is  illustrated  in  Fig.  73.  It  con- 
sists of  two  semi-cylindrical  shells  of  cast  iron  with  double 
hinges  on  one  side  and  a  hinged  clamp  screw  and  correspond- 
ing lugs  on  the  other.  This  clamp  is  bored  out  to  a  diameter 
equal  to  the  bore,  plus  the  grinding  allowance.  The  rings  are 
assembled  into  this  clamp  in  such  a  way  that  the  cuts  are  stag- 
gered, which  makes  them  hold  together  better  after  the  damp 
is  removed.  This  staggering  is  facilitated  by  three  slots  cut  in 
the  inner  surface  of  the  damp  at  equal  angular  distances.  When 
the  rings  are  all  assembled  in  the  clamp,  the  latter  is  drawn  up 
tight  and  is  passed  over  the  arbor.  Fig.  74,  on  which  the  rings 
are  to  be  ground.  This  arbor  is  provided  with  two  collars. 
The  one  on  the  left  is  of  such  a  diameter  that  the  clamping 
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fixture  will  just  pass  over  it,  by  which  means  the  rings  are 
centred  on  the  arbor.  The  collar  on  the  right  hand  side  is  of 
the  exact  diameter  of  the  ^liader  bore  to  which  size  the  rings 
are  to  be  finished.  The  collar  on  the  left  may  be  integral  >with 
the  arbor,  but  if  it  is  loose  it  should  be  held  from  turning  by  a 
I»n  or  key,  as  should  the  other  collar.  This  collar  is  drawn  up 
tightly  by  means  of  a  hexagonal  nut,  the  damp  is  then  removed, 
the  arbor  is  placed  in  the  lathe  or  grinding  machine  and  the 
rings  are  ground  to  size.  While  one  set  is  thus  being  ground  the 
clamp  can  be  filled  up  again  with  rings.  The  collars  should 
preferably  be  case  hardened. 

Hand  Fitting  of  Rlngi— The  above  description  applies  to 
the  method  of  manufacturing  piston  rings  in  large  plants.  When 
rings  are  made  on  a  small  scale,  as  for  experimental  motors,  it 
is,  of  course,  impossible  to  install  the  somewhat  elaborate  equip- 
ment described  above,  and  the  rings  are  then  fitted  by  hand.  They 
are  cut  off  from  the  blank  with  a  tool  which  ^ves  a  very  smooth 
surface,  the  feed  being  comparatively  slow,  so  that  the  sides  will 
fit  a  carefully  turned  groove  without  any  further  finishing.  After 
the  ring  has  been  split  by  means  of  a  saw  or  file  (the  latter  in 
the  case  of  the  lap  joint  ring),  the  workman  will  file  the  ring 
off  on  the  outside  at  those  points  where  he  knows  from  experience 
that  metal  has  to  be  removed  in  order  to  make  the  ring  fit  the 
bore.  This  applies  particulariy  to  the  ends  of  the  ring  near  the 
cuL  Next,  the  surface  of  the  bore  is  smeared  with  a  mixture  of 
red  lead  and  oil,  the  ring  is  introduced  into  the  bore,  then  with- 
drawn, and  any  spots  which  are  reddened  are  filed  down  more, 
because  the  radius  at  t^ese  points  must  evidently  be  reduced  in 
order  to  make  those  parts  of  the  ring  which  are  not  reddened 
bear  against  the  cylinder  wall.  In  this  way,  after  repealed  trials, 
a  fair  fit  of  the  ring  in  the  cylinder  is  finally  obtained.  The  ring 
can  be  further  fitted  after  the  motor  has  been  run  for  some  time, 
when  it  will  be  noticed  upon  removing  the  piston   from  the 
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cylinder  that  the  rings  are  polished  at  some  points  and  blackened 
with  carbon  at  others,  where  the  gases  have  blown  through. 
By  filing  down  the  polished  portions  of  the  ring,  the  degree  of 
gas  tightness  can  be  further  increased. 

Peening  the  Rings— In  foreign  shops  piston  rings  are  often 
fitted  by  peening.  This  operation  consists  in  striking  the  surface 
of  the  ring  sharp  blows  with  a  special  peening  hammer  while  it 
is  being  held  on  an  anvil.  Successive  blows  are  struck  at  short 
distances  until  the  entire  portion  of  the  ring  which  seems  to  have 
too  big  or  too  small  a  curvature  has  been  covered.  The  blows 
from  the  peening  hammer  spread  the  metal,  consequently  by 
peening  the  ring  on  the  outside  the  radius  of  curvature  of  that 
portion  of  the  ring  which  is  being  peened  is  reduced,  while  by 
peening  the  ring  on  the  inside  the  radius  of  curvature  is  in- 
creased. Tlie  method  is  illustrated*  in^Figr'yS.  One  American 
firm  manufactures  concentric  rings  which  are  peened  by  means 
of  a  special  machine  to  equalize  the  pressure  all  around. 


Pw.  75. — ^Peening  Piston  Rings. 


V 


Dimensiona  of  Ring  Blanks— We  will  assume  that  the  ring 
is  to  be  eccentric,  that  its  maximum  thickness  is  to  be  5/27.5 
and  its  minimum  thickness  6/55.  Then  the  outside  diameter 
of  the  finished  ring  in  the  free  state  is  evidently 
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a 

For  grinding^,  an  allowance  of  0.008  b  should  be  made.    Hence 
the  blank  should  be  turned  to  an  outside  diameter 

do  =  Z.027 6 4~ 0.008 ^=2.035  b (44) 

and  to  an  inside  diameter 

tk^b  —  0.027*  =  0.973* '••••(45) 

In  splitting  the  ring,  enough  stock  must  be  taken  out  so  that 

when  the  ends  are  brought  to  within    —   inch  of  each  other, 

350 

the  new  diameter  is  equal  to  the  bore  plus  the  finish  allowance, 
that  is, 

*  +  o.oo8  6  =  1.008  b. 
The  outer  circumference  must  therefore  be  reduced  by 
1-035  wb  —  1.008  ir  6  =  0.027  vb-  0.085  b  inch. 
The  slots  cut  are  equal  in  width  to  this  reduction  in  the  circum- 
ference plus  the  c!earance   allowance,  which  is  —  or  0.004  b, 

250 

making  a  total  of  ox38p  b,  say  0.09  b. 

The  above  rules  for  dimensioning  the  rings  are  based  on  a 
stress  of  I5»ooo  pounds  per  square  inch  in  the  metal  when  the 
ring  is  compressed  in  the  bore  and  slightly  more  when  it  is 
stripped  over  the  piston  (because  of  the  impossibility  of  expand- 
ing it  so  its  inner  circumference  will  just  fit  the  piston).  If  the  iron 
from  which  the  rings  are  made  will  not  stand  this  stress  without 
taking  an  undue  permanent  set,  then  the  formuls  can  be  changed 
on  the  basis  of  a  lower  stress.  But  it  is  desirable  to  have  the 
rings  as  stiff  as  the  material  will  stand,  as  then  the  cylinder 
will  be  more  nearly  gas  tight  and  there  will  be  less  trouble 
from  carbon  adhering  to  the  finished  surface  of  the  bore. 

The  reason  why  quite  a  few  manufacturers  favor  the  diagonal 
joint,  when  the  lap  joint  is  generally  considered  to  be  better  from 
the  standpoint  of  gas  tightness,  is  undoubtedly  that  the  tongues 
of  a  lap  jointed  ring  for  an  automobile  motor  are  very  small 
and  correspondingly  delicate.  For  a  4  inch  bore,  for  instance, 
the  tongues  are  only  about  3-32  inch  wide.  In  order  to  make 
them  less  breakable  they  should  be  provided  with  a  fillet,  as 
shown  in  Fig.  76.  It  is  also  advisable  to  have  the  tongues  some- 
what shorter  than  the  length  that  must  be  cut  out  of  the  ring  in 
order  to  reduce  its  diameter  sufficiently.  For  instance,  it  was 
stated  above  that  practically  }i  inch  must  be  cut  out  of  a  4-inch 
ring  to  allow  it  to  be  compressed  from  the  original  diameter 
to  the  diameter  of  the  bore.    But  a  K  inch  tongue  would  be 


140    .  PISTON,  PISTON  RINGS  AND  PISTON  PIN. 


1 

1 

•.v*v.- 

1 

{ 

•*•  •  •  •  • 

a 

^j  S 

st 

\ 

Iii» 

m 

Fig.  76.— Slotunc  Lap, Joint  Ring. 

easily  long  enough,  and  the  two  slots  in  the  ring  must  then  be 
milled  so  that  they  overlap  }i  inch.  After  milling,  the  inner  faces 
of  the  tongues,  which  are  to  go  together,  must  be  dressed  up 
with  a  fine  file  and  before  the  ring  is  finally  passed  on  to  the 
stock  room  one  of  the  things  that  should  be  ascertained  by  the 
inspector  is  that  when  compressed  to  an  outside  diameter  equal 
to  the  bore  there  is  a  clearance  at  the  end  of  the  tongues  equal 
to  Oj004  b. 

Diagonal  cut  rings  are  most  extensively  used  at  present  for 
automobile  motors.  The  angle  made  by  the  sides  of  the  cut  with 
the  sides  of  the  ring  varies  between  jo  and  45  degrees.  The 
amotmt  to  be  cut  out  of  the  ring  in  the  circumferential  direction 
is,  of  course,  the  same  as  in  the  case  of  the  lap  jointed  ring, 
viz.,  0.09  b.  But  the  millihg  cutter  used  in  cutting  the  slot 
should  be  only  aop  fr  sin  a  in  width ;  that  is,  for  a  45  degree  slot 
cutter  should  be  0.064  b  wide  and  for  a  30  degree  slot  0.045  b,  ^ 

Some  manufacturers,  in  order  to  insure  that  the  top  ring  will 
bear  firmly  against  the  cylinder  wall,  cut  a  couple  of  small  slots 
in  its  top  side,  so  the  pressure  in  the  combustion  chamber  will 
get  into  the  groove  and  press  the  ring  out.  This  has  the  advan- 
tage that  the  ring  pressure  against  the  cylinder  wall  will  be 
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Fig.  77.— Marmon  Compound  Piston  Ring. 
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greatest  when  gas  tightness  is  most  essential,  but  it  adds  to  the 
friction  and  wear. 

Special  Rings — A  number  of  manufacturers  have  adopted 
special  designs  of  piston  rings,  with  the  object  of  preventing 
the  leakage  due  to  the  cuts  in  the  ordinary  ring.  A  ring  of  this 
type,  the  Marmon,  is  illustrated  in  Fig.  11.    It  consists  of  one 

wide  concentric  ring  which  goes  into  the  bottom  of  the  groove, 
and  two  narrow  concentric  rings  which  are  placed  in  the  top  of 
the  groove.  All  three  of  the  rings  are  slotted  straight  across, 
and  the  three  cuts  are  spaced  120  degrees  apart,  the  narrow 
rings  being  held  in  position  on  the  wide  ring  by  pins  riveted 
into  the  latter.  The  advantage  of  this  compound  ring  is  that  the 
gas  cannot  blow  through  the  joints,  owing  to  the  fact  that  the 
joints  in  adjacent  rings  are  located  at  an  angular  distance  of 
120  degrees  and  the  narrow  rings  fit  nicely  together  on  their  ad- 
jacent sides,  where  they  are  ground,  and  are  pressed  against  on 
their  under  side  by  the  wide  ring.  Two  such  compound  rings 
are  used  on  each  piston. 


Fig.  78. — Special  Forms  of  Piston  Rings. 

Considerable  ingenuity  has  been  exercised  in  recent  years  in 
the  elimination  of  the  gap  in  the  ring,  which  is  one  of  the 
causes  of  leakage.  Abroad  a  ring  comprising  two  complete 
turns,  known  as  the  Lehmann  double  spire  ring  (Fig.  78A), 
seems  to  have  considerable  vogue.  It  is  a  concentric  ring  and 
apparently  is  cut  with  a  very  fine  circular  saw  after  the  blank 
has  been  turned  up  and  cut  off.  In  this  country  the  leakproof 
piston  ring,  shown  in  Fig.  78  at  B,  has  been  on  the  market  for 
some  years.  It  consists  of  two  separate  rings,  one  having  an 
outward  and  the  other  an  inward  flange,  the  flange  on  one  ring 
obturating  the  slot  in  the  other.  Both  rings  are  turned  concen- 
trically, and  uniform  pressure  is  aimed  at  by  placing  the  slots 
on  opposite  sides,  so  that  the  non-uniformity  of  the  outward 
pressure  of  one  ring  is  compensated  by  that  of  the  other.  The 
separate  rings  are  prevented  from  sliding  upon  one  another  by 
a  pin,  but  the  complete  ring  is  free  to  turn  in  the  groove. 
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Pinnins:  Ring»— If  the  rmgs  are  to  remain  in  a  certain 
position  in  the  grooves,  they  must  be  prevented  from  rotating 
by  means  of  pins.  In  large  gas  engines  the  rings  are  always 
pinned,  and  the  same  practice  was  formerly  followed  in  the 
automobile  industry,  but,  owing  to  the  fact  that  pinning  of  the 
very  small  rings  required  for  automobile  motors  involves  con- 
siderable difficulty,  it  has  been  largely  given  up.  The  argument 
in  favor  of  pinning  is  that  if  the  rings  are  free  they  may  rotate 
in  their  grooves,  and  it  may  happen  that  all  of  the  cuts  come  in 
line  with  each  other,  in  which  case  the  gas  tightness  would  be 
seriously  impaired.  Automobile  manufacturers, « however,  have 
reached  the  conclusion  that  the  chances  of  all  of  the  cuts  coming 
in  line  are  exceedingly  small,  and  even  in  that  case  there  will 
not  be  such  serious  leakage  if  the  joint  clearance  is  small.  In 
heavy  gas  engine  practice  it  is  customary  to  rivet  a  pin  into 
the  piston  wall  at  the  middle  of  the  groove  and  drill  a  hole 
through  the  ring  at  the  middle  of  its  width,  into  which  the  pin 
may  extend.  But  with  rings  as  narrow  as  commonly  used  for 
automobile  motors,  even  a  one-sixteenth  inch  hole  would  seri- 
ously weaken  the  ring,  by  concentrating  the  stress.  Conse- 
quently, about  the  only  practical  method  of  pinning  a  ring  con- 
sists in  drilling  two  small  holes  through  the  ring  at  that  point 
where  the  slot  is  to  come,  at  a  distance  apart  equal  to  the 
width  of  the  slot,  so  th|it  when  the  ring  is  slotted  and  the  ends 
are  brought  together  there  will  be  a  space  at  the  joint  for  the 
pin.  There  is  undoubtedly  less  need  for  pinning  the  rings  when 
both  cylinder  and  rings  are  ground  truly  cylindrical  than  when 
they  are  fitted  to  each  other  by  a  prolonged  "running  in"  process. 

Handling  Piston  Rings — It  has  already  been  pointed  out 
that  piston  rings,  especially  for  such  small  cylinders  as  are  used 
in  automobile  work,  are  extremely  delicate  and  must  be  handled 
very  carefully  when  placed  on  the  piston,  and  still  more  so  when 
taken  off.  In  expanding  the  ring  previous  to  stripping  it  over 
the  piston,  pressure  must  be  applied  to  the  free  ends  evenlyr 
and  various  simple  tools  for  this  purpose  have  been  devised. 

The  Piston  Pin— The  form  and  dimensions  of  the  piston 
are  determined  by  both  the  piston  rings  and  the  pisfom  pi&i  and, 
having  concluded  our  study  of  the  piston  rings,  it  will  be  advis- 
able to  take  up  the  piston  pin  before  passing  on  to  the  piston 
itself.  The  piston  pin  is  a  cylindrical  metal  part  which  is 
generally  firmly  secured  at  its  ends  in  bosses  cast  integral  with 
the  piston,  and  whose  central  portion  has  a  bearing  in  the  small 
end  of  the  connecting  rod.    Sometimes  the  arrangement  is  re* 
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versed  and  the  piston  pin  is  clamped  in  the  small  end  of  the 
connecting  rod  and  has  bearings  in  the  piston  bosses.  The  piston 
pin  dimensions  are  calculated  by  considering  the  pin  first  as  a 
bearing  journal  carrying  a  certain  load  per  square  inch  of  pro* 
jected  area,  and,  secondly,  as  a  beam  supported  at  both  ends 
and  uniformly  loaded  between  supports.  A  tubular  pin  is  pref- 
erable to  a  solid  one,  because  for  the  same  maximum  fibre 
strain  and  bearing  pressure  it  will  be  lighter.  Henc^  the  piston 
pin  is  generally  made  hollow. 

Maximum  Explosion  Pressures — In  determining  the  proper 
diameter  of  the  piston  pin  (as  well  as  other  parts  subjected  to 
the  force  of  explosion)  account  must  be  taken  of  the  fact  that 
widely  different  compression  pressures  are  in  use,  and  that  in 
consequence  the  explosion  pressures  in  different  automobiles  dif- 
fer greatly.  Of  modem  stock  car  motors  some  use  a  compres- 
sion pressure  of  60  pounds  per  square  inch  gauge  and  others  as 
high  as  90  pounds.^  The  maximum  explosion  pressures  are 
roughly  proportional  t9  these  figures,  and  it  is  obvious  that  if 
the  explosion  pressure  in  one  motor  is  50  per  cent  greater  than 
in  another,  the  former  should  have  relatively  stronger  parts. 

The  maximum  explosion  pressure  is  a  somewhat  elusive  figure, 
for  it  depends  not  only  on  the  compression  ratio  but  also  on  the 
form  of  the  compression  chamber,  the  location  of  the  spark 
plug  terminals,  the  intensity  of  the  spark,  the  temperature  of  the 
cylinder  walls  and  possibly  other  factors.  The  maximum  pressure 
undoubtedly  occurs  when,  owing  to  defective  ignition,  several 
charges  have  been  missed  and  the  motor  speed  has  been  reduced, 
in  consequence  of  which  the  compression  space  contains  an  im- 
usually  large  charge  of  pure  mixture.  It  is  obvious  that  no 
very  accurate  figure  can  be  given  for  the  maximum  explosion 
pressure^  but  we  will  not  be  far  wrong  in  assuming  that  this 

TABLE  IV. 

Compreasion  Explosion  Pressures 

Ratio  (r).  Maximum  Norma) 

3  230  173 

3.2  250  187 

3.A  274  205 

3.6  298  224 

3.8  321  241 

4  344  258 

4.2  368  276 

4.4  392  294 

4.6  414  313 

4.8  437  323 

5  460  345 
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pressure  is  four  times  the  absolute  compression  pressure  based 
on  the  assumption  that  the  cylinder  is  filled  with  charge  to 
atmospheric  pressure  at  the  beginning  of  the  compression  stroke. 
This  gives  maximum  pressures  for  different  compression  ratios, 
as  compiled  in  Table  IV. 

Calculation  of  Piston  Pin— The  length  of  the  bearing  por- 
tion of  the  piston  pin  should  be  as  great  as  possible,  but  it  is 
limited  by  the  consideration  that  if  the  pin  is  fixed  in  the  piston 
bosses  the  latter  must  be  sufficiently  long  to  provide  room  for 
a  means  for  locking  the  pin,  such  as  a  set  screw.  In  automo- 
bile motors  the  maximum  length  available  for  the  bearing  is 
equal  to  about  one-half  the  bore.    Therefore 

/--^ (46) 

2 
With  a  maximum  explosion  pressure  p  per  square  inch,  as  de- 
termined from  the  above  table,  the  total  pressure  on  the  piston  is 

4 
When  the  motor  is  being  started  or  is  running  at  very  low 

speed  the  pressure  on  the  piston  pin  is  the  same  as  that  on  the 

piston.    At  high  speed  the  former  is  considerably  less  than  the 

latter,  owing  to  the  inertia  of  the  piston,  which  opposes  the 

force  of  the  explosion.    But  the  size  of  the  piston  pin  should  be 

governed  by  the  maximum  pressure  sustained  by  it,  and  the 

inertia  may  therefore  be  neglected 

If  we  denote  the  diameter  of  the  pin  by  d,  then  the  projected 

bearing  surface  is 

2 

and  the  maximum  unit  bearing  pressure  is 

T  b*  f 


db  2d 

2 

The  average  pressure  on  piston  pin  bearings  is  about  2,500 
pounds  per  square  inch.  This  may  seem  very  high,  but  is  per- 
missible because  the  rubbing  speed  is  so  low.  It,  however,  neces- 
sitates the  use  of  a  hard  bearing  metal  lining,  such  as  phosphor 
bronze  or  special  bearing  bronze  in  the  connecting  rod. 

Hence 

wb^ 
2  d 
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^wdp        bfi 


rf=^^-^=-^(»Ppr.) (47) 

5.000      x,6oo 

The  inside  diameter  of  the  pin  may  be  determined  as  follows: 
The  pin  is  one  of  the  reciprocating  parts  and  should  be  as  light  as 
possible— consistent  with  the  necessary  strength.  It  is»  there- 
fore, generally  made  of  a  material  of  high  tensile  strength,  such 
as  high  carbon  steel,  nickel  steel  or  nickel-chrome  steeL  '  If 
3^^  per  cent  nickel  or  an  equally  tenacious  steel  is  used  a  work- 
ing stress  of  20/xx>  pounds  per  square  inch  may  safely  be  allowed 

The  piston  pin  may  be  regarded  as  a  tmiformly  loaded  beam 


Fig.  79. 

supported  at  both  ends  (Fig.  79).  It  is  made  a  pretty  tifljit'  fit 
in  the  bosses,  and  the  latter  are  rendered  rigid  tqr  a  wide  rib 
connecting  them  to  the  piston  head.  Calling  P  the  total  pressure 
on  the  pin  and  /  its  length  between  supports,  the  maximum  bend- 
ing moment  is 

Fl     Fb     wb*p  ^ 
8  ™  16  **    64 
The  resisting  moment  of  a  hollow  section  of  outside  diameter  d 
and  inside  diameter  d|  is 

Equating  the  bending  and  resisting  moments* 

64    "*  32  \      d      ) 

2  S 

d,^=d^-l^ 
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and 

A^^d*-^. (^ 

We  will  now  calculate  the  sizes  for  a  piston  pin  for  a  4x5  inch 
motor  with  a  compression  ratio  of  4.5.  The  maximum  explosion 
pressure  with  this  compression  ratio  is  400  pounds  pet  square 
inch.    The  length  of  hearing  is 

^  =  2  inches, 

2 

The  outside  diameter  of  the  pin  is 

z,6oo         z,6oo 
The  inside  diameter  is 


V 


I  — ^ ^0.77  tnchy 

2X20,000  '^        ^ 


say  a  inch. 

If  ordinary  carbon  steel  is  used  it  is  better  to  limit  the  stress 
to  15,000  pounds  per  square  inch,  and  the  inside  diameter  w  ould 
then  work  out  to  about  ^  inch  in  the  above  example.  It  must 
be  remembered  that  the  piston  pin  works  under  rapidly  alternat- 
ing stress;  that  is,  under  the  most  severe  conditions  possible. 
The  ends  of  the  bore  through  the  pin  are  frequently  tapered 
out,  since  there  is  comparatively  little  strain  on  the  pin  there. 
The  pin  is  always  hardened  and  ground. 

Piston  Bosses — ^The  diameter  of  the  piston  bosses  must  be 
about  1.5  d,  where  d  is  the  outside  diameter  of  the  piston  pin, 
and  as  a  rule  the  bosses  are  slightly  tapered,  increasing  in  diam- 
eter toward  the  piston  wall. 

Locking  Piston  Pins — The  piston  pin  must  be  prevented  from 
moving  lengthwise  in  the  piston  bosses  or  "drifting,"  for  if  one 
of  its  ends  should  come  in  contact  with  the  cylinder  it  would 
soon  start  to  cut  the  cylinder  bore.  In  order  to  minimize  the 
cutting  if  the  pin  should  come  loose,  it  is  well  to  round  off  the 
outer  edges  of  the  pin  when  it  is  being  machined. 

One  method  of  holding  the  pin  in  place  lengthwise  consists 
in  placing  a  piston  ring  around  the  piston  central  with  the 
piston  pin,  as  shown  at  A,  Fig.  80.  This  ring  is  usually  made  of 
somewhat  greater  width  than  the  regular  piston  rings,  but  of 
the  same  maximum  thickness.  A  second  method,  which  is  em- 
ployed on  quite  a  number  of  foreign  motors,  is  illustrated  a*  B, 
A  hole  is  drilled  through  the  wall  of  the  hollow  piston  pin  to 
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receive  the  tapered  end  of  a  pin  screw  screwed  through  the  wall 
of  the  piston  boss.  The  end  of  the  piston  pin  is  split  through 
the  centre  of  the  hole  for  the  locking  screw  with  a  saw,  so  that 
the  i^  will  be  expanded  by  the  tiering  portion  of  the  pin 
screw  and  securely  held  in  the  piston  boss.  The  pin  screw  is 
prevented  from  unscrewing  by  means  of  a  split  pin,  the  pro- 
jecting ends  of  which  are  longer  than  the  distance  of  the  screw 


Fig.  80. — Piston  Pin  Locking  Means. 

from  the  piston  wall.  A  somewhat  similar  method  is  shown 
at  C.  Id  this  case  the  pin  of  the  locking  screw  is  not  tapered, 
and  instead  of  the  split  pin  through  the  head  of  the  screw,  a 
nail  or  pin  is  passed  through  a  hole  in  the  pin  of  the  pin  screw 
inside  the  hollow  piston  pin. 

At  D,  Fig.  80,  is  shown  a  patented  locking  device  used  on  the 
motors  of  the  Autocar  Company.  That  portion  of  the  piston 
pin  where  the  locking  device  comes  is  l;fl  solid,  and  a  radial 
hole  is  drilled  into  it  into  which  is  inserted  lirst  a  coiled  spring 
and  then  a  double  diameter  plunger.  When  the  piston  pin  is  put 
in  place  this  plunger  is  "submerged"  in  the  hole,  and  when  the 
plunger  comes  opposite  a  hole  drilled  in  the  wall  of  the  piston 
boss,  the  outer,  smaller  diameter  portion  of  the  plunger  will  enter 
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this  hole,  and  thus  lock  the  piston  pin  in  place.  At  E  is  shown 
the  lockini^  method  employed  by  the  Locomobile  Company  of 
America.  This  is  very  similar  to  the  method  illustrated  at  C, 
except  that  in  place  of  the  •  pin  used  at  C  a  wire  is  passed 
through  the  holes  through  the  two  pin  screws  and  has  its  ends 
turned  back.  At  F  is  shown  the  locking  means  employed  on  the 
Franklin  motor.  The  piston  pin  is  held  from  rotating  by  a  pin 
passing  transversely  through  one  of  its  ends  and  into  a  slot  cut 
m  the  wall  of  the  piston  boss  from  the  outside  of  the  piston;  it 
is  held  against  longitudinal  motion  by  a  split  pin  passing  through 
the  piston  boss  and  piston  pin  wall  at  the  other  side  of  the 
^  piston. 

Piston  Pin  Fastened  in  Connecting  Rod^-<}uite  a  few 

manufacturers  now  secure  the  piston  pin  in  the  connecting  rod 

,  small  end,  so  that  the  pin  has  bearings  in  the  piston  bosses.    One 

advantage  of  the  arrangement  is  that  larger  bearing  surfaces 

,  can  be  secured  in  this  way  than  with  the  pin  bearing  in  the  con- 

.  necting  rod.    Among  the  American  makers  who  follow  or  have 

followed. this  practice  may  be  mentioned  Reo,  Hupp,  Jeffery  and 

Briscoe.    The  length  of  the  bearing  surface  can  be  made  as 

much  as  0.7  b  with  this  construction.     The  outside  diameter 

may  be  foimd  by  means  of  equation  (47).    In  order  to  find  the 

required  inside  diameter  we  proceed  as  follows:    The  ends  of 

the  pin  in  this  case  form  cantilever  beams  uniformly  loaded,  the 

total  load  on  each  bdng   ^    If  we  consider  that  the  projecting 

end  of  the  pin  is  0.35  b  then  the  maximum  bending  moment  is 
evidently 


•      j^x  0.353 

I 0.0875 Pb  =  o<^75^i^P  . 

2  4 

The  resisting  moment  is  again 

St  (d^^2^. 
l^\      d      ) 

Therefore 

0.087s  r&';»      Sv/d^  —  di* 


4  ^  32  \      <^      / 

s 
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When  the  piston  pin  has  bearings  in  the  piston  bosses  it  is 
generally  secured  in  the  connecting  rod  by  means  of  a  clamping 
screw  which  passes  through  a  split  boss  on  the  side  of  the 
hub  at  the  upper  end  of  the  rod.  The  hole  for  the  screw 
is  drilled  in  such  a  position  that  the  screw  will  pass  slightly 
beneath  the  surface  of  the  piston  pin,  the  latter  being  grooved 
for  the  purpose.  The  screw  may  be  locked  in  position  by  means 
of  a  spring  washer,  but  in  order  to  insure  absolute  security  it 
is  well  to  add  a  split  pin,  passed  through  the  head  of  the  screw. 


Fig.  81. 


Fig.  82. 


of  such  a  size  that  the  connecting  rod  will  prevent  the  screw 
from  turning.  The  most  common  arrangement  is  illustrated  in 
Fig.  81  and  a  variation  is  shown  in  Fig.  82. 

Where  the  piston  pin  has  its  bearings  in  the  piston  pin  bosses 
it  is  not  necessary  that  the  latter  should  be  provided  with 
bearing  bushings,  as  cast  iron  is  a  good  bearing  material  under 
low-speed  operating  conditions,  and  it  is  customary  to  have 
the  pin  bear  on  the  bosses  direct.  Some  makers  have  the  piston 
pin  free  in  both  the  piston  and  the  rod  and  merely  provide 
against  drifting  by  a  spring  ring  of  square  steel  lodged  in  a 
groove  m  each  piston  boss  bore  near  the  outer  end. 

Side  Pressure  on  Cylinder  Wall — It  was  shown  in  a  pre- 
vious chapter  that  when  the  momentary  effective  pressure  on  the 
piston  per  square  inch  of  piston  head  area  is  denoted  by  Fp  and 
the  angle  which  the  connecting  rod  makes  with  the  cylinder 
axis  by  ^/  then  the  reaction  of  the  cylinder  wall  against  the 
piston  per  square  inch  of  piston  head  area  is 
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Pb  s=  Pp  tan  ^.    (Equation  25a). 

The  pressure  of  the  piston  against  the  cylinder  wall  is  equal  and 
opposite,  and  for  practical  purposes  may  be  represented  by  the 
same  equation.  It  is  then  necessary  to  find  the  values  of  the  re- 
sultant pressure  and  of  tangent  ^  for  different  points  of  the 
stroke  and  multiply  corresponding  values  together.  The  effective 
piston  pressure  is  equal  to  the  resultant  of  the  momentary  gas 
pressure  in  the  cylinder  and  the  inertia  force.  It  will  be  con- 
venient to  take  points  corresponding  to  the  completion  of  ai. 
0.2,  0.4,  a6  and  0.8  of  the  stroke,  beginning  at  the  top  end,  and 
determine  the  values  of  the  resultant  pressure  and  of  tan  ^  for 
these  pdnts.  We  wili  take  the  indicator  diagram  shown  m  Fig. 
IS  as  a  basis.  The  inertia  forces  are  obtained  from  Table  I, 
and  are  added  to  the  corresponding  gas  pressures.  The  re- 
spective values  of  the  gas  pressures  and  inertia  forces,  and  the 
resultant  pressures,  are  given  in  the  following  table: 

Point  of  stroke 0.1  0.2  0.4  0.6  0.8 

Gu  preuure    192  151  98  68  52 

Inertia  force    —95  —65  —11  +33  +63 

Kcsultant    97  86  87  101  115 

The  next  problem  is  to  find  the  values  of  tangent  ^  for  the 
different  points  on  the  stroke.  The  angle  0  which  the  connecting 
rod  makes  with  the  cylinder  centre  line  depends  upon  the  angular 
position  9  of  the  crank  and  the  ratio  n  of  the  connecting  rod 
to  the  length  of  stroke — 

sin  0  =a  !1^  (eqoation  zS  a) 

We  also  found  (equation  20)  that  the  distance  of  the  piston  head 
from  the  top  end  of  the  stroke  is 

Multiplying  both  sides  b/  4  »• 

4n  x  =  —  (4>f  —  4«coetf  +  «in*^ 
2 

Snbstitnting  1  —  cos'  0  for  sin'  9, 

411x8=3—  (^n  —  491  cos  9-^-1  —  cos*l)b 

2 

Di^ding  both  sides  by  —  and  transposing. 
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cos'  ^  4-  4  «  cos  tfe=4«  +  I  —  8fl  —  • 
Completing  the  square, 

Mm 

cos'  ^  +  4  «  cos  ^  +  4»*  =  4«'  +  4«  +  i  —  Sn~* 
Bxtractiiig  roots, 

cos  ^  +  2  «  =  4/ 4  If" +- 4 II -H  X  —  8  « -2- • 

and,  transposing, 

cos^=s|/4i»*  +  4i»  +  i— 811 -y—2 •••••(49) 

This  equation  enables  us  to  determine  directly  the  crank  angle 
^  corresponding  to  any  piston  position.  We  then  determine  from 
a  table  of  sines  and  cosines  the  value  of  the  sine  of  ^,  which  we 
divide  by  2n  (equation  i8a.)  This  gives  us  the  sine  of  the 
connecting  rod  angle  ^.  Then,  from  a  table  of  .sines,  we  find  the 
corresponding  angle,  and  finally  from  a  table  of  tangents,  the  tan- 
gent of  this  angle.  The  results  of  the  various  steps  are  given  in 
the  following  table  (for  n-2)  : 

Point  of  stroke 0.1  o.a  0.4             0.6  0.8 

Cos  0 0.837  0.669  0.313  — 0.076  —0.507 

Sia  $ 0.547  0.743  0.950           o.99>  0.863 

Sin  0 0.137  o.x86  0.237           0.249  0.2x5 

0 7^  S^        10®  43'        13*43'       14®  as''         X2«2s' 

Tan  0 0.X38  0.X89  0.244  0.257  0.220 

Multiplying  the  values  of  Pp  by  those  of  tan  0,  we  get  the 
following  values  for  the  piston  pressure  on  the  cylinder  wall  for 
different  points  of  the  stroke  (in  pounds  per  square  inch  o' 
piston  head  area) : 

« 

Point    of   stroke 0.1  0.2  0.4  0.6  0.8 

Pressure  of  cylinder  wall 13.4  16.2  21.2  25.9  25.2 

In  a  similar  manner  we  can  determine  the  side  pressures  on  the 
piston  wall  during  the  other  strokes. 

The  values  here  griven  are  the  side  thrusts  per  square  inch 
of  piston  head  area.  To  get  the  total  side  thrust  we  multiply 
by  the  piston  head  area  in  square  inches. 

Fig.  83  shows  the  total  side  thrust  on  the  cylinder  wall 
of  a  3%  z  5-inch  motor,  having  reciprocating  parts  weighing 
4.33  lbs.,  compression  and  expansion  curves  like  those  shown 
in  Fig.  15,  and  running  at  1,800  r.p.m.  It  will  be  noted  that 
the  side  thrust  changes  direction  at  the  beginning  and  near 
the  middle  of  each  stroke,  except  the  power  stroke.  The 
average  value  of  the  total  side  thrust  in  this  motor  under 
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the  conditions  stated  is  about  110  lbs.  Now,  the  wear  on  the 
piston  and  cylinder  wall  Is  proportional  to  the  aTerage  side 
thniBt  per  square  Inch  of  bearing  surlace,  consequentlr  the 
effective  bearing  surface  should  be  made  proportional  to  the 
total  aTflrage  aide  thrust.  For  the  ayerage  side  thrust  per 
square  Inch  of  bearing  smface  throughout  the  four  strokes 
we  may  take  12  lbs.  Hence  in  the  3H  z  S-lnch  engine  we 
should  need  pistons  with  an  effectlre  bearing  length  of 
110 

While  the  method  above  described  eeema  to  be  most  logical 
to  determine  the  piston  length,  as  It  makes  the  effective  bear- 
ing area  proportional  to  the  average  bearing  pressure  at  full 
engine  load.  In  practice  s  short  cut  Is  generally  employed  by 
making  the  total  piston  length  proportional  to  the  diameter. 
In  the  majority  of  engines  the  length 

I,,  =  1.2  6  —  1.3  6. 

In  the  case  of  the  8^  x  G-Inch  platon,  tf  we  figure  on  four 
piston  rings  each  3/16  Inch  wide,  thft  length  occupied  by 
Sia  rings  will  be  %  inch. 

>!  is  customary  to  undercut  the 
oiston  for  a  certain  length  on  each 

.^e  of  the  piston  pin  axis,  the 
diief  reason  for  this  being  the 
fact  that  the  flexure  of  the  piston 
pin  when  under  load  is  likely  t^ 
deform  the  piston  surface  in  the 
vicinity  of  the  piston  bosses,  so 
that  it  will  not  bear  evenly:  The 
length  of  this  under-cut  portion 
may  be  made  equal  to  0.3  b.  In 
the  present  case  this  length  would 
be  154  inches.  The  total  length 
of  the  piston  would  therefore  be 

The  mean  bearing  pressure 
of  12  pounds  per  square  inch 
is  a  good  average  figure.  This 
pressure  can  be  varied  somewhat 
according  to  the  purpose  for 
which  the  motor  is  to  be  used. 
For  a  light  motor  for  a  speedster, 
etc.,  a  greater  pressure  can  be  al- 
lowed, while  for  a  truck  motor  a 
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lower  pressure  will  be  advisable  on  account  of  the  increased  life 
of  the  piston  and  cylinder  which  it  insures. 

Effect  of  Piston  Friction— When  the  piston  is  at  rest  it  is 
held  in  equilibrium  by  three  forces,  viz.,  the  gas  pressure  Pp  on 
the  piston  head,  the  connecting  rod  thrust  F«  and  the  reaction 
of  the  cylinder  wall  Pu  against  the  piston  (Fig.  84).  When, 
however,  the  piston  is  moving  another  force  comes  into  play, 
namely,  the  frictional  force  F  at  the  contact  surface  between  the 
piston  and  cylinder.  This  force  is  equal  to  the  product  of  the 
side  pressure  P*  on  the  cylinder  wall  by  the  friction  coefficient  p. 
The  latter  may  be  taken  at  0.05.  The  direction  of  the  force  F  is 
opposite  to  the  direction  of  motion.  The  force  F  does  not  add  to 
or  subtract  from  the  meSm  pressure  against  the  cylinder  wall,  but 
it  affects  the  distribution  of  that  pressure.  It  has  a  tendency  to 
turn  the  piston  around  the  piston  pin  axis,  the  turning  moment 
being  FXb/2,  This  turning  moment  is  equal  to  a  couple  produced 
by  two  forces  F/2  acting  on  the  piston  perpendicularly  to  the  di- 

rectioa  of  the  force  F,  at  distances  *-  from  the  piston  pin  asds. 

Distribution  of  Side  Tiinist— The  component  of  the  con- 
necting rod  reaction  which  results  in  side  pressure  on  the  cyl- 
inder wall,  passes  through  the  piston  pin  axis  perpendicular  to 
the  axis  of  the  cylinder,  and  is,  therefore,  a  concentrated  force. 

The  reaction  of  the  cylinder  wall 
on  the  piston,  on  the  other 
hand,  is  distributed  over  the  en- 
tire bearing  surface  of  the  piston. 
If  the  piston  had  a  bearing  sur- 
face over  its  entire  length  and 
the  piston  pin  were  exactly  at 
the  middle  of  its  length,  thentiie 
reaction  would  be  evenly  dis- 
tributed over  the  entire  bearing 
surface.  But  if  the  piston  pin 
axis  were,  tmder  these  condi- 
tions, nearer  the  head  end  of 
the  piston,  for  instance,  then 
the  reaction  would  be  greater 
at  the  head  end  than  at  the 
open  end  of  the  piston.  The 
specific  pressures  at  the  two 
ends    under    these    conditions 


Tig.  85.— DisTWBunoN 
Surface  Pressure  with 

UnSYM  METRICAL  LOAD. 
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would  be  inversely  proportional  to  their  distances  from  the  piston 
pin  axis,  and  tbe  pressure  would  decrease  uniformly  from  the 
head  end  to  the  open  end.  This  effect  is  illustrated  in  Fig.  85. 
The  grooves  disturb  the  distribution  of  the  pressure  somewhat, 
and  their  presence  must  be  taken  into  account. 

Best  Location  of  Pin— What  we  want  is  a  uniform  ^tri- 
bution  of  pressure  over  the  entire  bearing  length  of  the  piston. 
It  has  already  been  pointed  out  that  by  moving  the  piston  pin 
farther  toward  one  end  of  the  piston  the  pressure  at  that  end 
is  increased.  If  there  were  no  ring  grooves  the  pressure  would 
be  equally  distributed  when  the  piston  is  at  rest,  if  the  piston 
pin  were  exactly  in  the  middle  of  the  piston.  The  presence  of 
the  grooves  would  lead  us  to  move  the  pin  down  from  the 
centre,  while  the  couple  due  to  the  frictional  force  when  tlie 
piston  makes  the  power  stroke  would  lead  us  to  move  it  upward, 
in  order  to  neutralize  the  effect  of  the  couplOi  Where,  then, 
is  the  best  position  for  the  pin? 

Let  us  assume  that  the  piston  in  regular  operation  presses 
against  the  cylinder  wall  with  a  uniform  pressure  a  per  inch 
of  length— the  result  we  desire  to  attain.    Let  us  call  the  length 


FkG.   86.— Diagram    of   Piston    Moments. 
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of  the  piston  I,  and  let  the  piston  pin  axis  be  at  a  distance  x 
from  the  head  end.  The  total  pressure  of  the  piston  against  the 
cylinder  wall  is  then 


-•('-f) 


^     being  the  length  occupied  by  the  rings.    We  will  assume  that 

the  rings  are  evenly  distributed  between  the  head  end  of  the  pis- 
ton and  the  piston  pin  axis^  which  is  generally  very  nearly 
the   case. 

Taking  moments  around  the  piston  pin  axis  (Fig.  86), 

.(.-|)(|-)+a<«s.(.-4)(4) 

_.(,-,)(i^)_0«s.(<-|)(i). 

Simplifying  and  transposing, 

Dividing  by  ^  and  multiplying  by  5, 

Sjg^^bx  +  0.25  b  I  —  0.05  &•  =  5  /•  -f  5  x«  —  10  /  X. 
Transposing, 

lOlx  —  bx  =  SP  +  0.05  b*  --  0.25  b  /, 
and 

In  the  example  of  a  3.5x5  inch  engine,  which  we  considered 
a  little  further  back,  we  found  that  the  piston  had  to  be  4.5 
inches  long.    Substituting  the  values 

6  =  3.5  /  =  4.5 

in  equation  (50)  we  get 

(5  X  4.5  X  4.5)  +  (0.05  X  3.5  X  3.5)  —  (0.25  X  3.5  X  4.5) 

(10  X  4.5)  —  3.5 

=  2.36  (2^)  inches. 


r  = 


That  is  the  piston  pin  axis  should  be  2}i  inches  from  the 
head  end. 

Thickness  of  Piston  Walls — It  is  a  very  common  practice  to 
connect  the  piston  head  and  piston  bosses  by  a  rib  of  sub- 
stantially the  form  shown  in  Fig.  87.  This  rib  considerably 
strengthens  the  cylinder  head  and  permits  it  to  be  made  thinner 
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than  if  no  rib  were  provided.  It  also  relieves  the  side  wall  of 
the  piston  of  some  strain  and  permits  of  this  wall  being  made 
thinner.  Pistons  of  very  small  diameter  are  occasionally  made 
without  this  rib,  while  pistons  of  large  size  sometimes  have 
four  or  six  equally  spaced  ribs  joining  the  head  to  the  side  wall 
of  the  piston. 

The  head  can  also  be  strengthened  by  making  it  convex  or 
bulging*  outwardly,  and  this  form  of  head  is  frequently  met 
with,  a  second  reason  for  its  use  being  that  when  a  high  com- 
pression ratio  is  desired  it  helps  to  reduce  the  compression  vol- 
ume. It  is,  however,  a  better  plan  to  make  the  head  plane,  as  in 
that  case  its  surface  in  contact  with  the  hot  gases  is  a  minimum, 
and  the  piston  will  then  absorb  less  heat  Since  it  is  not  provided 
with  any  cooling  means  this  is  a  matter  of  considerable  moment. 

In  developing  formulae  for  the  thickness  of  the  different 
parts  of  the  piston  wall,  it  must  be  borne  in  mind  that  all  of 
these  walls  are  machined  on  bne  side  only,  and  some  allowance 
must  be  made  for  inaccurate  core  work.  That  is  to  say,  the  for* 
mulx  for  the  thicknesses  should  be  of  the  form 

where  /  is  the  thickness  of  the  wall,  b  the  bore  and  a  and  c  are 
constants,  c  being  allowance  for  inaccuracies  in  the  casting. 
In  pistons  of  the  type  represented  in  Pig.  87,  the  head  thickness 
may  be  made 

th  =  0.032  b  -|-  0.060  inch : •  • . .  .(51) 

If  eccentric  rings  are  used  the  maximum  thickness  of  the  ring  is 

=0.0364*, 

27.5 

and  the  depth  of  the  groove  must  be  made  about  10  per  cent 

greater,  viz., 

l^a  0.04  5 (52) 

The  thickness  of  the  piston  wall  where  the  ring  grooves  are 
located  can  be  determined  by  the  equation 

in  B  o.  062  *  +  o .  10  tnch (53) 

and  the  thickness  at  the  lower  end  by  the  equation 

/i  ^  0.02  5  -|-  0.05  inch (54) 

The  whole  matter  of  piston  dimensions  is  at  present  in  a  state 
of  development,  but  the  above  rules  are  suitable  for  pistons  for 
moderate  speed  engines. 

Allowance  for  Heat  Expansion— The  average  American 
practice  in  regard  to  piston  clearance  allowance  is  to  allow  2 
thousandths  of  an  inch  per  inch  of  cylinder  bore  at  the  head 
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end  of  the  piston,  and  Yj,  thousandth  at  the  bottom  end,  the  piston 
being  tapered  from  the  head  end  toward  the  bottom  end.  The 
piston  diameter  at  the  head  end,  therefore,  should  be 

rffc  =  0.998  h (55) 

and  the  piston  diameter  at  the  bottom  end, 

J5=:o.9995  ^ • (S6) 

Some  makers  reduce  only  the  uppermost  land  and  make  the 
remainder  of  the  piston  cylindrical. 

Number  and  Location  of  Rings. — Practice  is  about  evenly 
divided  between  the  use  of  three  and  of  four  rings.  If  a  light, 
Gompact  motor  is  desired,  it  will  be  advisable  to  limit  the  num- 
ber of  rings  to  three,  while  if  lightness  is  not  such  an  important 
oonsideration,  it  will  be  better  to  use  four.  Generally,  all  of  the 
rhigs  are  placed  on  that  part  of  the  piston  above  the  piston  pin, 
but  occasionally  a  ring  is  placed  near  the  lower  or  open  end. 
This  is  an  inheritance  from  stationary  gas  engine  practice.  It 
is  sometimes  claimed  that  the  object  of  this  ring  is  to  aid  in  the 
distribution  of  the  oil,  but  the  original  purpose  for  which  the 
ring  was  placed  at  the  lower  end  was  to  have  it  over-travel  the 
bottom  end  of  the  cylinder  bore»  jjid  thus  prevent  the  forming 
of  a  ridge  where  the  travel  of  the  lowest  ring  ends.  It  is  usual 
to  cut  two  or  three  circular  grooves  in  the  outer  surfaces  of  the 
piston  near  the  lower  end  for  the  distribution  of  the  oil. 

Sample  Design — ^Having  thus  derived  formulae  for  all  the 
principal  piston  dimensions,  we  are  now  in  position  to  design  a 
piston  for  our  3.5x5  inch  motor.  The  required  length  has  already 
l>een  determined  to  be  4.5  inches,  and  the  best  location  of  the 
piston  pin  axis  as  2.36  (2^)  inches  from  the  head  end.  The 
diameter  of  the  piston  at  the  head  end  will  be 

3.5  X  0.998  =  3.493  inches, 
and  the  diameter  at  the  bottom  end — 

3.5  X  0.9995  =  3.498  inches. 

The  thickness  of  the  head — 

3.5  X  0.032  +  0.060  =  0.182  (3/16)  inch. 

The  depth  of  the  ring  grooves — 

3i  X  0.04  =  0.140  (9/64)  inch. 

The  thickness  of  the  piston  wall  at  the  upper  end — 
3.5  X  0.062  +  0.10  =  0J17  (5/16)  inch, 
and  the  thickness  of  the  piston  wall  at  the  lower  end — 

3.5  X  0.02  +  0.05  =  0.12  (J<)  inch. 
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Fig.  87.— Typicai  Cast  Iiom  Pistok. 

The  necessary  diameter  of  the  piston  pin  has  alreadjr  been 
found  to  be  ^  inch,  that  of  the  piston  bosses  IH  inches,  and 
the  length  of  the  piston  bosses,  H  '"ch.  The  length  of  the  under- 
cut portion  of  the  piston,  which  is  symmetrical  with  the  piston 
pin  axis,  will  be 

3.5  X  OJ  =  1.05  (say  m  Mcft««) 
This  undercut  may  be  made  1/64  of  an  inch;  that  is,  the  piston 
at  this  portion  may  be  reduced  to  3  15/32  inches  in  diameter. 
The  width  of  the  piston  rings  is 

33  -T-  20  =  0.1?5. 
It  will  be  found  that  four  rings  can  be  placed  on  tbe  top  end  of 
the  piston  and  each  of  the  "lands"  between  rings  made  3/16  inch 
wide. 

Since  the  wall  of  the  piston  at  the  lower  end  is  usually  made 
very  thin,  it  is  a  good  plan  to  provide  the  casting  with  an  in- 
ternal flange  at  the  lower  end  to  make  it  more  rigid,  which 
is  especially  desirable  for  machining. 

Special  Platon  Deaigna.— Except  for  the  fact  that  some  en- 
gine makers  use,  in  addition  to  the  cutsomary  three  piston 
rings  at  the  top  end  of  the  piston,  a  scraper  ring  at  the  bot- 
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torn  end  and  possibly  a  guide  ring  over  the  ends  of  the  piston 
pin,  there  has  been  in  the  past  a  remarkable  uniformity  in 
piston  design.  A  few  special  designs  have  been  evolved,  how- 
ever, among  the  objects  sought  being  reduced  weight,  proteo* 
tlon  of  the  skirt  against  heat  from  the  pistcm  head  and  pro- 
tection of  the  cylindrical  wall  of  the  piston  from  distortion 
due  to  the  strains  on  the  piston  bosses. 

In  Fig.  88  is  shown  the  Zephyr  pressed  steel  piston,  made 
by  James,  Talbot  &  Davison,  of  Lowestoft,  England.  It  is  made 
in  two  parts  of  pressed  steel,  riveted  together  at  the  head. 
One  of  its  advantages  is  that  the  load  on  the  piston  head  and 
the  piston  bosses  is  more  uniformly  distributed  than  in  the 
usual  design,  which  alone  permits  of  lightuiing  these  parts. 
The  piston  pin  also  is  considerably  lighter,  being  not  only 
shorter  but  also  smaller  in  diameter,  as  the  distance  between 
the  reaction  points  is  leis.  Owing  to  the  holes  in  the  lower 
part  of  the  piston  the  air  can  circulate  freely  to  the  part 
carrying  the  ring.  There  is  only  one  ring  groove,  but  of 
course,  two  or  more  narrow  rings  may  be  inserted  in  this. 

Of  somewhat  similar  form  as  the  Zephyr  but  considerably 
difFerent  in  details  is  the  crosshead  piston,  shown  in  Fig.  89, 
which  is  made  by  the  Herschell-Spillman  Company,  North 
Tonawanda,  N.  T.  This  is  a  cast  iron  piston  and  not  de- 
signed for  lightness,  but  rather  to  render  the  skirt  immune 
to  the  heat  of  the  piston  head,  and  to  the  mechanical  stresses 
due  to  the  reaction  between  piston  bosses  and  piston  pin.  A 
good  point  of  this  crosshead  piston  is  that  almost  the  whole 
length  of  the  skirt  is  available  for  bearing  purposes.  It  is 
claimed  that  a  4-indi  piston  of  this  design  works  satisfao- 
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FlG.    88.— Zephyr    Light 
Pressed  Steel  Piston. 


Fig.     89.—  Herschell- 
Spillman    Crosshead 
Type  Piston. 
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torlly  with  only  0.001-inch  clearance,  while  a  clearance  of 
0.036-inch  produces  no  slap,  hence  there  is  a  wider  per 
missible  range  in  working  limits. 

Aluminum  Pistons. — High  speed  engines  are  often  fitted 
with  pistons  cast  of  aluminum  alloy  to  reduce  the  weight  of 
the  reciprocating  parts,  and  consequently  the  inertia  forces 
acting  on  them.  There  are  several  such  alloys  on  the  market, 
known  under  difTerent  trade  names,  but  most  of  them  are 
alloys  of  aluminum  and  magnesiunit  originally  known  as 
magnalium.  These  alloys  haTO  bearing  properties  and  are 
lighter  "than  pure  aluminum,  the  specific  gravity  of  the  orig- 
inal magnalium  alloy  being  2.5.  Since  the  specific  gravity  of 
cast  iron  is  about  7.26  an  aluminum  alloy  piston  weighs  only 
a  little  more  than  one-third  as  much  as  an  Iron  piston.  In 
physical  properties  these  aluminum  alloys  dlfTer  materially 
from  cast  iron,  a  fact  which  must  be  taken  into  account  in 
designing  pistons  to  be  cast  in  them.  Their  fusing  points 
(1,100-1,200  degrees  F.)  are  very  much  lower,  consequently 
care  must  be  taken  that  the  temperature  of  the  piston  head 
will  not  become  too  high,  for  at  temperatures  approaching 
the  melting  point  the  alloys  lose  a  great  deal  of  their  strength. 
In  racing  engines  fitted  with  aluminum  alloy  pistons  it  has 
happened  that  the  piston  heads  have  been  pushed  through 
right  into  the  piston  as  a  result  of  attaining  a  very  high 
temperature  while  operating  under  full  load.  Aluminum  has 
a  coefllcient  of  heat  expansion  (0.00001284)  substantially  twice 
that  of  cast  iron,  and  this  has  been  the  cause  of  the  greatest 
difficulties  which  have  been  encountered  with  alloy  pistons. 
Obviously,  in  order  to  prevent  seizing  of  the  pistons  when  the 
engine  runs  continuously  under  heavy  load,  a  greater  clear- 
ance must  be  allowed  between  piston  and  cylinder  walL  For- 
tunately the  thermal  conductivity  of  aluminum  is  mudi 
greater  than  that  of  cast  iron,  hence  the  heat  absorbed  by 
the  piston  head  is  transferred  to  the  skirt  much  more  rapidly 
and  danger  of  overheating  of  the  head  is  thereby  reduced. 
If  too  much  clearance  is  allowed  the  piston  is  apt  to  develop 
side  slap  while  cold. 

Clearance  Allowance  in  Aluminum  Pistons. — ^The  pistons 
can,  of  course,  be  turned  either  cylindrical  or  tapering.  Tlie 
usual  clearance  for  cylindrically  turned  aluminum  alloy  pis- 
tons is  0.002  inch  per  inch  bore  on  the  skirt,  0.010  inch  more 
on  the  top  land  and  proportionate  amounts  more  on  the  inter- 
mediate lands.  It  is  generally  conceded  that  In  view  of  the 
great  importance  of  having  the  clearance  Just  right,  that  is. 
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no  greater  than  abaolutelj  required  to  prerent  seizing  of  the 
platona  nnder  load  at  hi^  speed,  the  dearanoe  problem  nuist 
be  solTed  experimentally  for  each  engine  and  piston  design, 
and  In  this  the  above  flgnres  will  serre  for  a  start  lliat  no 
hard  and  ftot  mle  can  be  laid  down  for  dearanees  Is  proren 
hf  the  experimentallj  established  Cact  that  the  required  dear- 
anee  is  different  with  a  conTex  or  concaTO  head  than  with  a 
plane  head,  dilferent  when  ribs  are  nsed  than  In  the  opposite 


In  order  to  fktcilitate  the  transfer  of  heat  from  the  head 
to  the  skirt,  alloy  pistons,  and  espedallj  those  of  larger  diam- 
eters, are  often  designed  with  an  Internal  rib  at  right  an^es 
to  the  piston  bosses.  In  addition  to  the  rib  Joining  these  bosses. 
Besides  increasing  the  area  of  heat  conducting  mat,erial  be- 
tween head  and  skirt  this  reduces  the  stress  In  the  head.  It 
Is  also  a  good  plan  to  make  the  head  sU^tlj  thicker  (1/32- 
1A6  Inch)  than  in  a  corresponding  Iron  piston. 

Oil  Pumping. — Owing  to  the  greater  clearance  necessary 
with  aluminum  pistons  some  trouble  has  been  experienced 
ftfom  ''oil  pumping,"  Le.,  suction  of  oil  Into  the  combustion 
diamber,  when  the  engine  runs  on  small  throttle,  under  which 
condition  the  piston  runs  comparatiTely  cool  and  Is  not  fully 
expanded.  To  preTent  such  oil  pumping  the  piston  should 
hare  a  groove  cut  around  Its  circumference  Just  bdow  the 
bottom  ring,  at  the  bottom  of  which  groove  Is  drilled  a  num- 
ber of  equally  spaced  holes  (about  3/32  Inch)  through  the 
piston  wall.  The  lower  piston  ring  then  acts  as  a  scraping 
ring,  the  oil  collecting  in  the  groove  below  it  and  flowing 
through  the  drill  holes  back  into  the  crank  case.  An  ind- 
dental  advantage  of  aluminum  pistons  is  that  carbon  deposits 
do  not  form  on  them  as  readily  as  on  cast  Iron  pistons. 

Metal  Mold  Castings. — Aluminum  pistons  may  be  cast 
either  in  sand  or  in  metal  molds.  The  latter  process,  known 
as  the  Cothias,  is  exploited  by  the  Aluminum  Castings  Co.  of 
Cleveland.  Formerly  it  was  impossible  to  have  a  bottom 
flange  in  a  piston  mtade  by  this  process,  as  to  operate  the 
mold  the  internal  diameter  had  to  increase  from  the  top  end 
down,  but  this  limitation  has  now  been  overcome.  Sometimes 
a  flange  is  wanted  near  the  lower  end  for  an  oil  scraper  ring. 
The  process  permits  of  casting  the  pistons  very  close  to  size 
and  reduces  the  amount  of  machine  work  required  and  the 
waste  of  material  in  shavings.  It  is  also  claimed  to  materially 
increase  the  hardness  of  the  alloy,  thus  improving  the  wearing 
properties. 


PISTON,  PISTON  RINGS  AND  PISTON  PIN.       163 


Fig*  90.— Hourglass  Type  Piston. 


Preventing  Piston  Slap. — To  obviate,  or  at  least  minimize, 
piston  slap  when  starting,  it  is  well  to  make  the  piston  com- 
paratively  long,  and  a  length  1.3  times  the  diameter  is  recom- 
mended. Also,  on  accoupt  of  the  considerable  undersize  of 
the  piston  lands,  and  the  fact  that  their  extra  clearance  is 
not  fully  taken  up  except  when  runnAig  under  full  load,  it 
is  well  not  to  count  on  the  lands  as  bearing  surface  when 
determining  the  best  location  for  the  piston  pin.  Making  the 
piston  long  will  also  reduce  its  wear.  In  this  connection  it 
should  be  pointed  out  that  since  magnallum  Is  considerably 
softer  than  gray  iron,  the  wear  on  the  cylinder  wall  will  be 
reduced  when  alloy  pistons  are  used. 

The  hour  glass  type  is  a  special  design  of  piston  which  has 
come  into  use  concurrently  with  aluminum  alloys  for  this 
purpose.  It  is  illustrated  in  Fig.  90.  This  design,  it  would 
appear,  fits  in  well  with  the  metal  mold  process  of  casting, 
as  it  permits  of  placing  a  scraper  ring  near  the  lower  end  of 
the  piston.  It  gives  the  same  result  as  undercutting  or  "waist- 
ing"  the  piston  in  the  lathe  over  that  portion  o€  its  length 
covered  by  the  piston  bosses,  and  any  distortion  due  to  driv- 
ing the  wrist  pin  in  place  cannot  affect  the  bearing  surface. 
Of  course,  with  this  hour  glass  design  the  efTectlve  bearing 
surface  of  the  piston  is  reduced.  This  is  avoided  in  a  design 
(Fig.  91)  due  to  the  Northway  Motor  Mfg.  Co.,  in  which 
the  cylindrical  surface  of  the  piston  is  depressed  only  a  short 
distance  to  both  sides  of  the  piston,  boss  and  not  all  around 
the  circumference. 
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In  machining  aluminum  pistons  a  mixture  of  kerosene  or 
gasoline  with   10  per  cent,  lubricating  oil  is  used  as  a  lubri- 

Hannfacture  of  PistonB — Since  the  walls  of  the  piston  cast- 
ings are  very  thin,  they  are  often  hard  in  spots,  and  for  this 
reason  the  castings  are  lirst  annealed.  They  are  filled  with 
charcoal  and  brought  to  a  good  red  heat  in  an  annealing  furnace, 


Pig.  91.— MoDinED  Housglass  Type  of  Piston  (Ncwthway). 

and  are  then  allowed  to  cool  slowly  on  a  bed  of  ground  bone 
so  that  the  heads  of  the  pistons  will  not  chill.  After  annealing 
the  castings  are  sand  blasted  to  remove  the  core  sand,  and  if  it 
is  thought  desirable  to  clean  them  still  further,  tbey  may  be 
placed  in  a  tank  of  kerosene. 

The  first  machining  operations  on  a  piston  of  the.  type  illus- 
trated in  Fig.  87  consist  in  centre  drilling  and  reaming  the 
little  boss  generally  provided  on  the  head,  and  boring  out  the 
internal  flange  or  rib  at  the  open  end.  The  latter  operation  can 
be  accomplished  to  advantage  by  means  of  a  boring  tool  and 
floating  reamer  in  a  turret  lathe. 
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The  next  operations  consist  of  turning  the  piston  on  the  out- 
side, facing  the  head  and  cutting  the  ring  grooves.  These  opera- 
tions are  preferably  performed  at  one  setting  in  a  turret  lathe 
specially  adapted  for  the  work.  A  face  plate  for  holding  and 
drivinn  the  oiston  and  the  necessary  tools  for  finishing  it.  are 
fliustrated  in  Fig.  92.  The  piston  is  secured  to  the  face  plate  A 
hy  means  of  the  draw-in  rod  fl,  with  a  Tee  head  which  engages 
over  the  piston  basses.  It  is  centred  and  held  square  to  the 
face  plate  by  the  finished  internal  fiange  at  its  open  end.    The 


Fig.  92.— TintNiNG  and  QtooviNC  Piston  in  Turret  Lathe. 

casting  is  driven  by  means  of  a  semi-floating  driver  E  attached 
to  the  face  plate  A.  This  driver  bears  uniformly  on  the  two 
bosses  and  floats  on  the  flat  key  F  at  right  angles  to  the  driving 
faces.  The  casting  is  further  steadied  by  means  of  the  tail 
centre.  The  turret  head  on  the  cross  slide  contains  the  tools 
for  rough  turning,  rough  facing,  rough  grooving  and  under  cut- 
ting, which  are  brought  into  operation  in  the  order  given.  Finish 
facing,  finish  grooving  and  cutting  of  oil  grooves  are  accom- 
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Fig.  94. — Pision  Boss  DrilliiIg  Jig. 
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pushed  simultaneously  by  means  of  a  set  of  tools  carried  on  the 
hack  end  of  the  carriage.  These  turret  lathes  are  provided 
with  star  wheel  stops  and  with  spring  actuated  ball  locating 
pawls  on  the  head  stock,  which  makes  longitudinal  measurements 
unnecessary.  If  the  piston  is  of  such  design  that  the  rib  prevents 
the  T  head  of  the  draw-in  rod  from  engaging  securely  over  the 
piston  bosses,  the  bosses  may  first  be  drilled  and  a  slip  pin  used 
instead  of  the  T  head. 


Fig.  95.— Jig  for  Drilung  Lock  Screw  Hole. 


If  the  piston  is  to  be  ground  on  the  outside,  no  finishing 
cut  is  necessary,  but  an  allowance  for  grinding  of  from  0.020 
to  aojo  is  made  in  the  diameter.  An  arbor  suitable  for 
holding  the  piston  for  grinding  is  illustrated  in  Fig.  93.  The* 
grinding  is  done  after  the  piston  bosses  have  been  drilled  and 
reamed,  and  the  sliding  rod  A  is  passed  through  the  holes  in  the 
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piston  bosses,  while  the  sliding  collar  B  is  drawn  up  against  the 
finished  open  end  of  the  piston  by  means  of  the  nut  C.  The 
piston  being  centre  drilled  and  reamed  at  the  head  end,  when  it 
is  secured  on  the  arbor,  the  assembly  can  be  supported  in  the 
grinding  machine  between  centres. 

For  drilling  and  reaming  the  holes  in  the  piston  bosses  a 
drilling  fixture  is  made  use  of,  which  can  be  secured  to  a  lathe 
face  plate  or  screwed  to  the  head  stock.  A  well  designed  jig 
for  this  purpose^  which  was  described  by  Robert  G.  Pilkington 
in  The  Horseless  Age  of  October  21,  1908,  is  illustrated  in 
Fig.  94.  This  jig  is  adapted  to  be  screwed  to  the  head  stock 
of  a  turret  lathe.  It  consists  essentially  of  a  cylindrical  casting 
into  which  the  piston  casting  fits,  grooves  being  left  on  opposite 
sides  for  the  escape  of  the  chips.  One  head  of  the  jig  is  perma- 
nently fastened  in  place  and  is  provided  with  lugs  which  straddle 
the  piston  bosses  so  as  to  centre  them  with  the  tool.  The  other 
head  is  in  the  form  of  a  hinged  yoke  which  can  be  swung  aside 
to  introduce  the  piston  into  the  fixture  and  is  held  in  place  by 
means  of  a  swinging  stirrup  and  clamp  screw. 

On  the  entering  side  of  the  jig  slip  bushings  are  used,  of 
rC2  proper  size  for  the  drill  and  reamer,  respectively.  The 
drill  is  guided  only  by  the  bushing  on  the  entering  side,  while 
the  reamer  is  guided  at  both  ends. 

In  drilling  the  holes  for  the  piston  pin  lock  screw  the  jig 
shown  in  Fig.  95,  also  due  to  Pilkington,  can  be  used  to  advan- 
tage. This  jig  is  made  m  two  parts,  a  body  and  a  clamp,  which 
form  handles  convenient  to  grasp  in  one  hand  while  the  other 
feeds  the  drill.  When  so  held  the  jig  is  firmly  clamped  to  the 
piston  and  will  not  be  pulled  off  when  the  drill  is  raised  out 
of  the  bushing.  A  hardened  steel  guide  pin  is  placed  in  the 
piston  pin  hole,  so  as  to  centre  the  bushings  with  the  hole  by 
means  of  machined  surfaces  straddling  the  guide  pin. 
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OFFSET  CYLINDERS. 

Object  of  Offsetting— The  side  thrust  of  the  piston  against 
the  cylinder  wall  is  the  cause  of  both  wear  of  the  piston  and 
cylinder  and  of  frictional  loss,  and  any  means  of  reducing  it  is 
therefore  doubly  advantageous.  It  was  shown  in  a  previous 
chapter  that  this  side  thrust  is  proportional  to  the  effective 
pressure  on  the  piston  and  to  the  tangent  of  the  connecting  rod 
angle.  The  effective  pressure  on  the  piston  cannot  well  be 
reduced,  as  upon  it  depends  the  power  developed  by  the  motor, 
fo  the  only  chance  lies  in  reducing  the  value  of  tangent  ^  (that 
is,  of  the  angle  ^  itself).  The  most  obvious  way  of  accomplish- 
ing this  is  by  making  the  connecting  rod  longer.  Old  text  books 
on  the  steam  engine  dweTl  at  considerable  length  on  the  ideal 
engine  with  a  connecting  rod  of  infinite  length,  in  which,  among 
other  ^hings,  there  is  no  side  thrust  on  the  cylinder  wall.  In 
practice^  however,  the  length  of  the  connecting  rod  is  limited, 
since  the  height  of  the  motor,  and  consequently  its  bulk  and 
weight,  increase  rapidly  with  this  length.  There  is,  however,  a 
method  of  arranging  the  moving  parts  so  that  with  a  fixed  length 
of  connecting  rod  the  connecting  rod  angle  will  be  relatively 
small  when  the  pressure  on  the  piston  is  high,  and  proportion- 
ately greater  when  the  pressure  on  the  piston  is  low.  This  con- 
sists in  offsetting  the  cylinder  axis  from  the  vertical  plane 
through  the  crank  shaft  axis  toward  the  side  on  which  the  crank 
arm  moves  during  the  power  stroke.  The  angularity  of  the 
connecting  rod  for  any  position  on  the  power  stroke,  except  at 
the  very  ends  of  the  stroke,  is  then  less  than  it  is  for  the  corre- 
sponding position  in  a  motor  without  offset  cylinders — a  sjrm* 
metrical  motor. 

Offsetting  of  the  cylinders  (or  of  the  crank  shaft)  has  some 
rather  peculiar  effects  on  the  functions  of  the  motor.  In  the 
first  place,  the  piston  is  not  at  the  ends  of  its  stroke  when  the 
crank  arm  is  in  the  vertical  positions ;  it  reaches  the  ends  of  the 
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stroke  a  moment  later,  when  the  crank  arm  and  connecting  rod 
are  in  line  with  each  other.  Besides,  the  two  dead  centre  posi- 
tions are  not  i8o  degrees  apart,  as  they  are  in  a  symmetrical 
motor,  but  slightly  less,  as  clearly  shown  in  Fig.  S^  The 
effective  or  actual  length  of  the  stroke,  instead  of  being  equal 
to  twice  the  length  of  the  crank  arm,  is  slightly  greater  than 
this.     The  connecting  rod  is  parallel  with  the  cylinder  axis 


Fig.  96.— Dead    Centm:    Posi-    Fig.  97.— Diagram   of   Ofpset 
TioNS  IN  Offset  Cyundkr  Cyunder. 

Motor. 
some  time  after  the  top  vertical  position  of  the  crank  has  been 
passed  and  the  same  time  before  the  bottom  vertical  position  is 
reached.  The  two  points  for  which  the  connecting  rod  angle 
becomes  zero  both  fall  in  the  downward  stroke.  The  piston  it 
not  at  the  same  distance  from  the  top  end,  say,  of  the  stroke^ 
when  the  crank  arm  is  at  the  same  angular  distance  from  its 
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upper  vertical  position  on  opposite  sides  of  the  centre,  respec- 
tively, as  in  the  case  in  the  symmetrical  motor. 

Length  of  Stroke  and  Dead  Centre  Positions — Referring  to 
Fig.  96,  when  the  crank  and  connecting  rod  are  in  the  upper  dead 
centre  position,  the  sine  of  the  crank  angle 

sip»=  ,   ^    .  «,  ,-^r-r\ ^^^ 

L+„i    '  <"  +  1> 

2 

and  when  the  piston  is  in  the  bottom  dead  centre  position 


•^•--.-7^=-'-^. 


(58) 

2 

la  oar  particular  example,  with  an  offset  of  —  ^  i  ituh» 

gln^n — I — KO.O8, 
5X2.5 

and 
alio 

*      5X1.5         ^ 

aad 

•,«  187*40^. 

If  we  assume  that  the  crank  motion  is  uniform,  which  Is  very 
nearly  the  case,  it  follows  that  the  mean  piston  speed  is  slightly 
less  during  the  down  stroke  than  during  the  up  stroke,  since 
the  crank  travels  through  a  greater  angular  distance  during  the 
down  stroke  than  during  the  up  stroke. 

Referring  to  Fig.  96,  it  can  easily  be  seen  that  the  actual  length 
of  stroke  is 


,.^|.,+i)--v-V(-'-f)*->- 

|//'  («  +  i)*  -/» - 1//*  (If  -  !)•  -  /• (59) 

For  a  motor  of  5  inch  nominal  stroke  with  to  inch  connecting 
rod  and  i  inch  offset  this  gives 

J -5.027  inches, 
while  for  the  same  motor  with  an  offset  of  a666  inch  (oot- 
sixth  the  bore)  it  gives 

J -'5.012  in€hes 
The  main  object  of  offsetting  the  cylinder  being  a  reduction  in 
the  side  thrust  of  the  pistcn  againsr  the  cylinder  wall,  we  will 
investigate  the  variation  of  this  side  thrust  in  an  offset  cylinder 
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noCor  dariag  the  power  stroke  and  compression  stroke;,  lespec- 
thrdy.  We  wfll  also  inrestigate  tbe  effect  of  offscttm^  on  the 
tnning:  of  tbe  motor  and  on  die  balance  of  the  reciprocating 
parts.  To  this  end  it  is  necessary  to  develop  equations  for  the 
piston  position,  piston  speed  and  piston  acceleration  oorre^mnd- 
tag  to  any  crank  aogfc;  the  same  as  was  done  for  the  symmetrical 
nqtof* 

Pteton  Speed  and  Accdcratioii— Referring  to  Fig.  97,  let  / 
represent  the  anxmnt  of  die  offset  Let  the  length  of  the  con- 
secting  rod  be  denoted  hf  In  2nd  the  length  of  the  crank  arm  hf 

—  •  (though  it  should  be  pointed  out  that  in  this  case  /  stands  for 

a 

the  nominal  length  of  stroke  and  not  the  actual).  The  use  of  die 
same  sjrmbols  as  in  the  previous  discussion  has  the  advantage 
that  the  equations  developed  should  reduce  to  the  corresponding 
equations  for  the  sjrmmetrical  motor  if  /  is  made  o^  which  will 
be  a  check  on  the  accuracy  of  the  work.  The  crank  and  con- 
necting rod  angles  are  again  represented  by  #  and  ^,  respec- 
tively. As  regards  the  momentary  piston  position,  it  is  more 
convenient  in  this  case  to  represent  diis  by  the  vertical  distance 
between  the  piston  pin  axis  and  the  crank  shaft  axis,  rather 
than  by  the  distance  between  the  momentary  position  of  the  pis- 
ton pin  axis  and  its  highest  position. 

Let  s  represent  the  vertical  distance  between  the  piston  pin 
axis  and  tbt  crank  shaft  axis.    Then  (Fig.  97), 

2 

and  ii/sin^-f-/ss-l.8tn#. 

2 

This  latter  relation  holds  for  any  point  of  the  crank  drcle. 
It  follows  that 

-^sin#^       . 

.in^^I^^^^^l^^f (60) 

n  t  2  M       Hi 

Bntcc»^B3'v/x — sin' 0a 

r  \2n       n  l) 

Hence, 

*^nlJx-l^^_r\*.L^0 (6x) 

T  \2«        n  If    ~  2 

In  order  to  get  rid  of  the  radical  expression  we  add  to  it 
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'\ai»      n  1/ 


which  makes  it  a  perfect  square  and  does  not  introduce  tm 
appreciable  error.    Extracting  the  root,  we  get 


==  II  /  —       I -^  14-  —  COS  9 

2  \2n       n  i/     *^  2 


(68) 


If  now  we  differentiate  this  expression  with  respect  to  time 
we  get  the  momentary  piston  speed 

dt      L  \2M       n  I]  2n        2         \dt 

Bat  -i—  ^ radians  /#r  second^ 

dt      yy  '  ^ 

hence. 

If-  — I^/-iiin*co«#— ^cos#  +  -8in#V 
30  \4»  an  2         / 

Dividing  by  12  to  reduce  to  feet  per  second,  and  multiplying 
the  expression  in  parentheses  by  a,  and  dividing  the  coefficient 
of  this  expression  by  the  same  number, 

v=a  — ^^(— lin^cos*— Z.  cos#  +  /sin^|  A*//*r#*tfo«rf..(63l 
720  \2  n  n  / 

When  f^o  this  equation  becomes  identical  with  equation  (31), 
giving  the  momentary  piston  speed  for  a  symmetrical  motor. 

In  order  to  find  the  piston  acceleration  we  differentiate  equa- 
tion (63),  which  gives 

rfv  =  — —  f— (co8«^— sin»^)  +  Zsin^+/coi#lrfA 
720  L2«  n  J    ^ 

and  remembering  that 

dB     wl\r 

rf/""  30  ' 
and  that 

coB>^— sin'^Bscos  2^, 
we  get 

d  i  2Z,6oo  \2  If  n  ' 

-^^'(— ^"*+— .«°^  +  «»^) (64) 

az,6oo  \2  »  n  I  I  ^  ^' 

This  equation  becomes  identical  with  equation  (33)  (which 
{ives  the  piston  acceleration  for  a  symmetrical  motor)  when  the 
offset  /  is  zero,  except  that  it  is  preceded  by  the  minus  sign, 
which  is  due  to  the  fact  that  in  this  case  we  are  considering  the 
motion  of  the  piston  pin  axis  relative  to  the  crank  shaft  axis, 
which  is  opposite  to  the  motion  of  the  piston  pin  relative  to  its 
highest  position,  which  we  considered  in  the  former  case. 


^ 
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(65) 


If  ^  represents  the  weight  of  the  reciprocating  parts,  then  the 
inertia  force  in  the  offset  motor  may  be  represented  by  the  equa- 
tion 

/k  «  0.0000x4a  fri  A^  f— cot  a  •H-^  sin  #+ COS  #) 

\2  n  n  i  / 

Side  Throat  on  Cylinder  Wall— The  length  of  the  offset 
employed  in  practice  lies  generally  within  the  limits  of  one- 
quarter  the  bore  and  one-sixth  the  bore.  American  practice 
rather  favors  an  offset  of  one-sixth,  while  European  practice 
favors  an  offset  of  one-fourth.  In  determining  the  side  thrust 
for  different  points  of  the  up  stroke  and  the  down  stroke  we 
must  first  determine  the  crank  angle  corresponding  to  different 
points  on  both  strokes.    The  deduction  of  an  equation  giving  this 
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Fig.  96. — Crank  Angle-Sisoke  Curve  for  Motor  Wns 
Offset  Equal  to  One-fifth  the  Stroke. 
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angle  or  a  function  of  it  directly  involves  considerable  difficulty, 
and  the  best  method  is  to  proceed  backwards,  assuming  different 
crank  angles  and  then  determining  the  corresponding  point  on 
the  stroke  by  means  of  equation  (61).  From  the  results  thus 
obtained  a  curve  like  that  shown  in  Fig.  98  can  be  drawn.  It  is, 
of  course,  also  possible  to  determine  the  points  for  this  curve 
graphically  without  calculation,  by  laying  off  the  connecting  rod 
and  crank  arm  for  different  angular  positions  of  the  latter. 
From  Fig.  98  we  can  readily  determine  the  crank  angle  corre- 
sponding to  any  point  on  the  stroke.  The  connecting  rod  angle 
is  next  determined  by  means  of  equation  (60)  and  the  effective 
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piston  pressure  from  the  standard  diagram.  Multiplying  cor- 
responding values  of  thb  connecting  rod  angle  and  the  effective 
piston  pressure  together,  we  obtain  the  side  thrust  on  the  cylin- 
der walL 

In  this  way  the  curves  in  Fig.  99  were  plotted.  The  calcula- 
tions were  based  on  the  assumption  of  a  cylinder  of  4  inch  bor« 
by  5  inch  stroke.  The  full  line  curve  gives  the  side  thrust  of 
the  piston  on  the  cylinder  wall  per  square  inch  of  piston  head 
area  for  an  offset  equal  to  one-sixth  the  bore,  and  the  dotted 
line  the  corresponding  values  for  an  offset  equal  to  one-quarter 
the  bore.  In  a  4x5  inch  motor  one-sixth  of  the  bore  corresponds 
to  two-fifteenths  of  the  stroke  and  one-quarter  of  the  bore  to 
one-fifth  the  stroke.  In  the  figure  the  offsets  are  given  in  terms 
of  the  stroke  so  as  to  make  the  diagram  applicable  to  all  sizes 
of  motors.  For  the  sake  of  comparison,  the  side  thrust  diagram 
for  a  symmetrical  motor  obtained  under  die  same  conditions  b 
also  drawn  in  in  dashed  lines.  Since  we  are  not  so  much  con- 
cerned with  what  side  of  the  cylinder  the  piston  presses  against, 
as  with  the  total  pressure  with  which  it  bears  against  the  cylinder 
walls,  all  side  thrusts  are  plotted  on  the  tame  side  of  the  base 
line,  irrespective  of  their  direction. 

By  reference  to  Fig.  97  it  can  readily  be  seen  that  in  an  offset 
motor  the  connecting  rod  angle  is  comparatively  small  through- 
out the  power  stroke,  and  comparatively  large  throughout  the 
compression  stroke.  For  this  reason  the  side  thrust  on  the  cylin- 
der wall  in  an  offset  motor  is  less  than  in  a  symmetrical  motor 
during  the  power  stroke  and  greater  than  in  a  symmetrical  motor 
during  the  compression  stroke.    This  is  clearly  shown  in  Fig.  99. 

In  a  symmetrical  motor  the  side  thmat  becomes  zero  when  the 
crank  Is  in  the  two  vertical  positions.  In  an  offset  motor,  on 
the  other  hand,  when  the  crank  is  in  its  lowest  position  (repre- 
sented in  the  diagram  by  the  left  hand  co-ordinate  axis), 
the  connecting  rod  makes  an  appreciable  angle  with  the  cylinder 
axis.  During  the  first  part  of  the  compression  stroke,  the  greater 
the  offset  the  greater  the  side  thrust,  because  the  greater  the 
angularity  of  the  connecting  rod.  The  side  thrusi:  becomes  zero 
in  all  three  types  of  motors  when  the  piston  is  slightly  less  than 
four-tenths  of  the  stroke  from  its  top  position,  because,  in  the 
diagram  worked  from  the  inertia  and  gas  pressure  then  neu- 
tralize each  other  so  that  the  effective  piston  pressure  is  zero. 
At  the  end  of  the  compression  stroke  the  side  thrust  is  again 
zero,  because  at  this  point  of  the  diagram  the  inertia  and  com- 
pression pressure  again  balance  each  other.  From  this  point  on 
the  side  ^rust  in  the  symmetrical  motor  increases  rapidly;  in  the 
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offset  cylinder  motor,  on  the  other  hand,  it  increases  for  a  moment 
and  ther  drops  back  to  zero  again,  which  it  attains  when  the 
connecting  rod  centre  coincides  with  the  cylinder  axis ;  from  that 
point  on  the  side  thrust  increases  in  about  the  same  manner  as 
in  the  symmetrical  motor,  but  decreases  to  zero  again  a  moment 
before  the  crank  reaches  the  lowest  position,  when  the  connecting 
rod  is  again  in  line  with  the  cylinder  axis.  It  will  be  seen  from 
Fig.  99  that  under  the  conditions  here  assumed,  the  mean  side 
thrust  on  the  cylinder  wall  during  the  compression  and  power 
strokes  is  11.2  pounds  per  square  inch  of  pistoii  head  area  in  a 
symmetrical  motor;  8.9  pounds  in  a  motor  with  an  offset  equal 
to  two-fifteenths  of  the  stroke,  and  7.8  pounds  in  a  motor  with 
an  offset  equal  to  one-fifth  the  stroke.  Offsetting  the  cylinder 
by  an  amount  equal  to  two-fifteenths  the  stroke  results  therefore 
in  a  reduction  of  20.5  per  cent,  in  the  side  thrust  on  the  cylinder 
wall  during  the  compression  and  power  strokes,  and  offsetting 
by  an  amount  equal  to  one-fifth  the  stroke  in  a  reduction  of  about 
50  per  cent 

Effect  OB  Timing— The  valves  should  begin  to  open  and 
should  close  and  the  spark  in  a  motor  should  occur  when  the 
piston  is  at  particular  points  of  its  stroke,  and  since  any  particu- 
lar point  of  the  stroke  corresponds  to  a  different  crank  angle  in 
an  offset  motor  than  in  a  symmetrical  motor,  it  is  plain  that  these 
functions  should  occur  at  different  angular  positions  of  the  crank 
in  an  offset  motor  than  in  a  symmetrical  motor.  If  the  designer 
know^  of  a  valve  timing  system  which  gives  satisfaction  in  a  sym- 
metrical motor  and  wants  to  apply  the  same  system  in  an  offset 
motor,  he  should  first  determine,  by  means  of  equation  (19),  the 
piston  positions  corresponding  to  the  different  crank  angles  used 
in  the  timing  system  in  the  symmetrical  motor,  and  then  deter- 
mine by  means  of  Fig.  96  (or  a  similar  curve  if  the  offset  is 
more  br  less  than  one- fifth  the  stroke)  the  crank  angles  corre- 
sponding to  these  piston  positions  in  an  offset  motor. 

One  of  the  peculiar  effects  of  offsetting  in  a  four  cylinder 
engine  is  that  all  four  pistons  travel  in  the  same  ^direction — 
downward — for  a  moment  after*  two  have  passed  the  top  dead 
centre. 

Effect  on  Balance — An  inertia  force  curve  for  a  4x5  inch 
motor  with  an  offset  of  one  inch,  reciprocating  parts  weighing 
0.55  pound  per  square  inch  of  piston  head  area  and  operating  at 
1,000  feet  piston  speed  per  minute,  is  shown  in  Fig.  100.  The  data 
from  which  this  curve  was  drawn  were  calculated  by  means  of 
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Fig.  100.— Inertia  Force  Diagram  tor  a  Cylinder  With  an 
Offset  of  One-fifth  the  Stroke. 
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Fig.  101. — Inertia  Force  Diagram  for  a  Four-Cyunder  Motor 
With  an  Offset  Equal  to  One-fifth  the  Stroke. 


OFFSET  CYLINDERS.  179 

equation  (65).  It  will  be  noticed  that  the  curve  is  considerably 
distorted.  When  the  crank  is  in  the  vertical  positions  the  inertia 
forces  are  exactly  the  same  as  in  a  corresponding  symmetrical 
motor.  The  inertia  reaches  both  of  its  maxima  during  the  up- 
ward stroke. 

In  Fig.  101  one-half  of  this  inertia  curve  is  shifted  180  degrees 
with  relation  to  the  other.  This  represents  the  conditions  in  a 
four  cylinder  motor  in  which  the  motion  of  one  pair  of  cranks 
is  advanced  180  degrees  with  relation  to  that  of  the  other  pair. 
The  two  portions  of  the  inertia  curve  are  drawn  in  in  dotted 
lines  and  their  resultant  is  drawn  in  in  a  full  line.  This  re- 
sultant is  exactly  the  same  as  is  obtained  in  the  case  of  a  cor- 
responding symmetrical  motor;  consequently,  offsetting  of  the 
cylinder  has  absolutely  no  effect  on  the  unbalanced  ineftia  force 
in  a  motor.    That  this  is  so  can  also  easily  be  proven  analytically. 

In  a  four  cylinder  motor  there  are  two  sets  of  moving  masses 
separated  by  180  degrees  of  crank  motion.  The  inertia  of  one  set 
may  be  represented  by  the  equation 

Fm=:o.ooooiA2WlN^(—cos20  +  ^nne+  cosO\ 

\2  H  n  i  / 

and  that  of  the  other  by 

/".i  =  0.000014a  fViN*\—coB  2{B  -\-  180**)  4--^iin(^-f  180**)+ 

1,2  n  n  I 

cos  (^  4-  i8o°)l 

The  resultant  unbalanced  inertia  force  is  the  sum  of  these  two 
expressions. 
But 

8in^  =  — sin  (^-f  180*0 
and 

cos  ^  »  —  cos  {B  +  180^, 

hence  the  terms  involving  the  factors  sin  0  and  cos  B  cancel  out 
in  the  sum.    On  the  other  hand, 

CCS  2  (^  +  180**)  =s  coa  (2  ^  -f  ^eo^  B  cos  2  ^. 

Hence 

/;  + ^.i  — 0.0000142  »^/A^*^i  COS  a  ^] (66) 

This  is  the  equation  of  the  unbalanced  inertia  force.  It  will  be 
seen  that  it  does  not  involve  the  factor  f,  and  the  same  result 
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is  obtained  if  the  expression  for  the  unbalanced  inertia  force  in 
a  four  cylinder  symmetrical  motor  is  made  the  basis  of  the 
discussion. 

With  motors  of  comparatively  long  stroke  offsetting  of  the 
cylinders  inToives  some  difficulty,  because  there  usually  is  not 
sufficient  clearance  for  the  connecting  rod  during  the  power 
stroke.  This  difficulty  can  be  overcotiie  by  casting  the  bottom 
end  of  the  cylinder  with  a  sort  of  slot,  into  which  the  connecting 
rod  can  swing,  or  curving  the  connecting  rod  near  its  lower  end. 

In  the  above  discussion  a  low  speed  motor  was  purposely 
chosen  as  an  example,  because  offsetting  is  undoubtedly  most 
advantageous  in  motors  of  that  class.  This  is  due  to  the  fact 
that  in  a  high  speed  motor  there  is  much  side  thrust  on  the 
cylinder  walls  due  to  the  inertia,  and  since  the  average  of 
this  is  the  same  for  both  up  and  down  strokes  the  average 
value  of  the  side  thrust  due  to  it  for  the  two  strokes  cannot 
be  reduced  by  offsetting.  For  instance,  in  the  3^  x  5  high 
speed  motor,  which  we  have  been  considering  previously,  the 
average  side  thrusts  per  square  inch  of  piston  head  area  at 
1,800  r.p.m.  during  the  four  strokes  of  a  cycle  are  as  follows: 

Inlet    8.9  lbs. 

Compression  7.5  lbs. 

Power  20.4  lbs. 

Exhaust  8.9  lbs. 

It  will  readily  be  seen  that  if  by  offsetting  we  reduced  the 
average  side  thrust  during  the  power  stroke  in  the  ratio  of, 
say,  4:3,  and  increased  the  average  side  thrust  during  the 
compression  stroke  in  the  inverse  ratio,  the  result  on  the  total 
average  for  the  four  strokes  would  be  very  smalL  In.  fact, 
it  would  be  reduced  only  from  11,4  to  10.8  lba» 


CHAPTER  IX. 


THE  CRANKSHAFT. 

One  of  the  most  important  parts  of  the  gasoline'  motor  is  the 
crankshaft.  It  is  an  expensive  part,  requiring  a  very  considerable 
amount  of  accurate  machine  work  to  be  done  upon  it,  and  it  is 
subjected  to  very  severe  strains,  consequently  it  is  liable  to  fail 
in  service  unless  properly  dimensioned  and  made  of  a  suitable 
grade  of  material  properly  treated. 

Crankshaft  Material— Medium  carbon  steel  is  the  material 
most  extensively  used  for  crankshafts.  The  blanks  from  which 
the  crankshafts  are  machined  are  generally  produced  by  the  drop 
forging  process,  though  where  a  high  grade  of  car  is  turned  out 
in  comparatively  small  numbers  the  crankshafts  are  sometimes 
turned  up  out  of  solid  billets.  The  drop  forging  process  re- 
quires several  heatings  to  a  good  red  heat;  this  heating  impairs 
the  physical  qualities  of  the  steel,  and  the  latter  have  to  be 
restored  by  suitable  heat  treatment,  consisting  of  annealing, 
quenching  and  reheating.  The  carbon  steel  generally  used  for 
crankshafts  has  approximately  the  following  composition  and 
physical  properties  (after  heat  treatment)  : 

CHEMICAL  COMPOSITION. 

Per  Cent. 

Carbon 0.45 

Manganese    -. O.CO 

Silicon    not  over  0 .  18 

Sulphur   not  over  0.04 

Phosphorus    not  over  0. 04 

PHYSICAL  PROPERTIES. 

Tensile    strength ^ .  90,000  lbs.  per  sq.  in. 

Elastic    limit 70,000  lbs.  per  sq.  in. 

Elongation  in  2  inches 15  per  cent. 

Contraction  of  area 88  per  cent 

A  suitable  heat  treatment  for  steel  of  this  character  is  as 
follows :  The  forgings  are  first  heated  to  a  temperature  of  about 
1,500^  Fahr.  and  quenched  in  oil.     They  are  then  reheated  to 
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1450*  Fahr.  and  allowed  to  anneal  (cool  slowly)  in  lime.  They 
are  heated  again  to  1,450^  Fahr.  and  quenched  in  oil,  and  are 
then  drawn  to  about  900''  Fahr.  The  drawing  temperatures  may 
be  varied  more  or  less,  a  lower  drawing  temperature  giving  a 
stronger  shaft  and  a  higher  drawmg  temperature  a  tougher  or 
more  ductile  shaft. 

In  a  number  of  the  higher  grades  of  automobile  motors  3^4 
per  cent  nickel  steel  is  used  for  the  crankshaft  The  (approxi- 
mate) composition  and  physical  properties  of  this  steel  (after 
heat  treatment)  are  as  follows : 

CHEMICAL  COMPOSITION. 

Percent. 

Carbon    : 0.S6 

nickel 8.6 

Msnganefc   0.00 

Silicon    not  over    0.18 

Snlphnr    not  ovtr    0.04 

Phoipbonis  not  over    0.04 

PHYSICAL  PROPERTIES. 

Tensile    itrength ISO.OOO  lbs.  per  14.  in. 

ElMtic    Unit 00,000  Um.  per  04.  in. 

Elongation  in  8  inches 10  per  cent. 

Contraction  of  area SO'perccnt. 

The  heat  treatment  for  this  steel  is  simpler  than  that  for 
carbon  steel,  and  consists  merely  in  quenching  in  oil  at  a  tem- 
perature of  1,550^  Fahr.,  reheating  to  900*  Fahr.,  or  thereabouts, 
and  then  cooling  slowly. 

Other  materials  used  in  the  construction  of  crankshafts  are 
chrome-nickel  steel  and  chrome-vanadium  steel  Both  of  these 
can  be  given  exceedingly  high  tensile  strength  combined  with  a 
high  ductility.  A  chrome-vanadium  steel,  for  instance,  incor- 
porating I  per  cent  of  chromium  and  from  0.16  to  0.18  per  cent 
of  vanadium,  has,  according  to  J.  Kent  Smith,  a  tensile  strength 
of  127^00  pounds,  an  elastic  limit  of  iio^ioo  pounds,  an  elonga- 
tion of  20  per  cent  and  a  contraction  of  area  of  58  per  cent, 
when  quctiched  in  lard  or  fish  oil  at  1,650*  Fahr.,  annealed  for 
two  hours  at  1,000*  Fahr.  and  cooled  in  air.  Even  better  proper- 
ties can  be  obtained  with  chrome-nickel  steel  when  suitably 
treated,  but  owing  to  the  fact  that  this  material  is  very  hard  to 
machine,  it  is  little  used  for  crankshafts.  Vanadium  steel  ma- 
chines with  less  difficulty.  Vanadium  when  added  to  steel  con- 
taining no  other  metallic  alloys  in  appreciable  quantity  con- 
siderably improves  the  endurance  properties  of  the  steel,  but  in 
order  to  materially  increase  the  tensile  strength  the  addition 
of  another  metal  is  necessary,  such  as  nickel,  chromium  or 
tungstea 
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It  may  be  pointed  out  here  that  the  physical  properties  of  the 
material  are  generally  left  out  of  account  in  determining  the 
dimensions  of  the  crankshaft.  The  reason  for  this  is  that  one 
of  the  chief  requirements  in  a  crankshaft  is  stiffness  or  rigidity. 
This  depends  upon  the  coefficient  of  elasticity  of  the  material, 
which  is  substantially  the  same  for  all  grades  of  steel  (in  the 
neighborhood  of  30,000,000). 

Types  of  Crankshafts— A  crankshaft  is  composed  of  the 
crank  pins,  crank  arms,  crank  journals  and  driving  ends.  As  a 
rule,  crankshafts  are  made  from  integral  forgings,  but  occasion- 
ally they  are  built  up.  Built-up  crankshafts  are  used  for  two  rea- 
sons. In  the  first  place,  it  is  quite  customary  abroad  to  enclose 
the  flywheels  of  small  single  and  double  cylinder  motors  in  the 
crankcase,  and  the  flywheels  then  take  the  place  of  the  crank 
arms,  the  crank  pin  and  crank  journals  being  bolted  to  the  fly- 
wheels by  means  of  nuts  and  tapered  seats  in  hubs  cast  on  the 
flywheels.  These  flywheels  are  cast  with  solid  webs.  The  other 
reason  for  using  built-up  crankshafts  is  that  if  ball  bearings  are 
to  be  used  on  the  intermediate  journals,  in  the  case  of  an  integral 
crankshaft  the  inner  race  has  to  be  of  such  a  large  diameter  that 
it  can  be  stripped  over  the  crank  arms.  To  avoid  this  the  cranks 
are  built  up  of  a  number  of  parts  in  such  a  manner  that  ball 
bearings  with  a  bore  of  the  inner  race  equal  to  the  journal 
diameter  can  be  put  in  place  on  the  journal. 

The  most  common  types  of  crankshafts  for  motors  of  from 
one  to  twelve  cylinders  are  illustrated  in  Fig.  102.  The  four 
cylinder  crankshafts  shown  also  serve  for  eight  cylinder  engines 
and  the  six  cylinder  crankshafts,  for  twelve  cylinder  engines. 
It  should  here  be  pointed  out  that  a  crank  pin,  together  with  the 
two  crank  arms  on  opposite  sides  of  it,  is  frequently  referred 
to  as  a  "throw."  By  reference  to  the  figure  it  will  be  seen  that 
in  some  crankshafts  there  is  only  a  single  throw  between  a  pair 
of  crank  journals  or  supporting  bearings;  in  other  crankshafts 
there  are  two  throws  between  crank  journals;  in  others  three, 
and  in  still  others  four.  The  dimensions  of  the  crank  pins  are 
naturally  largely  determined  by  their  function  as  a  bearing,  and 
it  might  be  thought  that  the  unit  pressure  on  the  pins  should 
be  approximately  the  same  in  crankshafts  of  all  types  and  sizes. 
However,  when  there  are  several  throws  between  supporting 
bearings  the  pins  must  necessarily  be  made  of  large  diameter, 
so  as  to  be  able  to  withstand  the  bending  stresses  to  which  they 
are  subjected  at  the  moment  of  explosion,  and  since  with  a  larger 
pin  diameter  the  rubbing  speed  is  greater,  the  unit  pressure 
must  be  reduced  if  there  is  not  to  be  undue  heating  at  the 
bearing. 
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Fig.  102.— Types  of  Crankshafts. 
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Balancing  Cranluhafts— In  a  single  cylinder  crankshaft  the 
centrifugal  force  on  the  crank  arms,  crank  pin  and  part  of  the 
connecting  rod  forms  an  unbalanced  rotating  force  which  would 
cause  a  great  deal  of  vibratidn  if  no  means  were  provided  for 
properly  balancing  it.  The  method  generally  resorted  to  con- 
sists in  applying  balance  weights  to  the  crank  arms,  as  pointed 
out  in  the  chapter  on  Balancing  of  Engines.  The  method  of 
calculating  the  proper  balance  weight  was  there  given.  The  bal- 
ance weight  should  be  such  that  the  centrifugal  force  acting  on  it 
is  equal  to  the  centrifugal  force  acting  on  the  crank  arms,  crank 
and  half  of  the  connecting  rod,  plus  one-half  of  the  maxi* 
mum  inertia  force  acting  on  the  reciprocating  parts. 

The  balance  weights  in  a  high  speed  motor  must  be  securely 
fastened  to  the  crank  arms,  since  the  strains  due  to  the  centrif- 
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ugal  force  at  "radng"  speeds  are  very  considerable,  and  the 
loosening  of  one  of  the  weights  would  be  ttufe  to  do  serious 
damage.  Three  methods  of  fastening  the  balance  weights  are 
illustrated  in  Fig.  103.  The  most  secure  way  is  undoubtedly  to 
extend  the  crank  arms  to  the  opposite  side  from  the  crank  pin, 
milling  a  transverse  groove  into  the  arms  on  the  outer  side  near 
the  end,  fitting  a  counterweight  with  a  tongue  into  this  groove, 
and  bolting  it  in  place  (see  A,  Fig.  103).  The  clamping  bolt 
is  then  relieved  of  all  shearing  stresses.  A  method  that  is  ex- 
tensively used  in  marine  practice  is  represented  at  B  in  the  same 
figure.    In  this  case  the  counterweight  is  held  in  place  by  a  bolt  | 
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which  passes  through  the  end  of  the  crank  arm,  and  throngh  por- 
tions of  the  counterweight  passing  over  the  end.  of  the  arm.  At 
C  is  shown  the  method  employed  in  the  Brush  single  cylinder 
motor,  the  counterweight  being  held  in  place  by  a  stud  and  nut, 
the  stud  being  screwed  into  the  crank  arm  from  the  end.  In 
the  Brush  motor  the  counterweights  are  filled  with  lead  to  get 
the  necessary  weight  into  a  small  space. 

In  a  double  cylinder  opposed  motor  the  crankshaft  is  always 
made  with  two  throws  set  at  i8o  degrees  relative  to  each  other. 
In  this  way  one  set  of  reciprocating  parts  always  moves  opposite 
to  the  other  set,  and  at  exactly  the  same  speed,  so  that  the  re- 
ciprocating parts  are  perfectly  balanced,  except  for  the  fact  that 
the  two  sets  are  not  quite  in  line  with  each  other.  The  rotating 
parts  are  also  very  nearly  balanced,  since  the  centrifugal  force 
acting  on  one  throw  is  equal  and  opposite  in  direction  to  the  cen- 
trifugal force  acting  on  the  other  throw,  and  there  is  only  a 
small  couple  due  to  the  centrifugal  forces  acting  on  arms  equal 
to  half  the  distance  between  the  cylinder  axes.  This  is  gener- 
ally so  slight  that  it  can  be  neglected,  and  no  special  means  for 
balancing  such  a  crankshaft  are  needed. 

In  a  four  cylinder  vertical  motor  the  four  throws  are  always 
in  the  same  plane,  the  two  outer  throws  being  on.  the  same  side 
of  the  crankshaft  centre,  and  the  two  inner  throws  on  the  op- 
posite side.  The  centrifugal  force  acting  on  each  throw  is  a 
radial  rotating  force  which  may  be  considered  to  act  at  the 
centre  of  that  throw.  The  centrifugal  forces  F  on  the  two  outer 
throws  (Fig.  104)  are  naturally  always  in  the  same  plane,  and  as 
they  are  equal,  their  resultant  R  is  z,  force  equal  to  twice  that 
acting;  on  the  individual  throw,  acting  at  a  point  midway  between 
the  two  throws.  The  resultant  Ri  of  the  centrifugal  forces  F^ 
acting  on  the  two  inner  throws  is  exactly  equal  to  the  resultant 
of  the  centrifugal  forces  acting  on  the  two  outer  throws,  and 
acts  at  the  same  point  but  in  the  opposite  direction  to  the  latter ; 
consequently  it  neutralizes  or  balances  it 

But  while  a  crankshaft  of  this  type  is  perfectly  balanced  as  a 
whole,  its  individual  throws  are  unbalanced,  and  since  the  crank- 
shaft is  more  or  less  flexible,  the  centrifugal  force  acting  on  the 
individual  throws  tends  to  produce  a  pressure  of  the  crank  jour- 
nals adjacent  to  these  throws  on  their  bearings.  To  overcome 
this,  some  designers  provide  each  of  the  short  crank  arms  in  a 
four  cylinder  crankshaft  with  a  balance  weight,  so  that  the  crank- 
shaft is  perfectly  balanced  at  every  point  of  its  length. 

In  a  four-cylinder  two-bearing  crankshaft  there  is  no  inher- 
ent balance,  since  there  are  only  two  short  crank  arms,  and 
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Fig.  104. — Centsifugal  Forces  on  Four  Throw  CRANKSHAvr. 

both  of  these  are  on  the  same  side  of  the  crank.  There  is,  how- 
ever, a  certain  length  of  shaft  between  the  two  inner  crank 
pins,  and  by  making  this  of  somewhat  greater  diameter  than 
the  uank  pin,  and  by  drilling  out  the  two  outer  crank  pins  no 
difficulty  need  be  experienced  in  balancing  such  a  crankshaft 
without  the  use  of  counterweights. 

In  a  six-throw  crankshaft  the  throws  are  arranged  in  pairs,  the 
two  inner  ones  being  in  line  with  each  other,  as  are  also  the 
two  outer  ones  and  the  two  intermediate  ones,  respectively. 
Each  pair  of  throws  is  located  at  an  angular  distance  of  120  de- 
grees irom  the  other  two  pairs.  By  reference  to  Fig.  105,  which 
is  an  end  view  ef  a  six  throw,  seven  bearing  crankshaft,  it  can 
easily  be  seen  that  if  all  of  the  throws  are  identical,  such  a  crank- 
shaft is  in  perfect  balance.  The  resultant  F  of  the  centrifugal 
forces  on  the  two  throws  of  each  pair  acts  at  the  middle  of  the 
length  of  the  crankshaft  The  three  resultants  therefore  all  act 
in  the  same  plane  radially  outward  from  the  centre  of  the  crank- 
shaft, at  angles  of  120  degrees  apart,  and  they  exactly  balance 

each  other. 

Six  cylinder  crankshafts  with 
either  three  or  four  main  bear- 
ings are  not  inherently  bal- 
anced but  can  be  balanced  by 
means  of  a  mass  of  metal  be- 
tween the  two  middle  crank 
pins.  In  order,  however,  that 
the  balancing  weight  required 
at  this  point  may  not  be  too 
great,  the  so-called  long  arms 
of    these    crankshafts,    which 

c*.     inr     17      \T.       o.^  produce    the    unbalanced    mo- 

FiG.  105. — End  View  of  Six  *^     ^  ,   .  ,   ^ 

«,  r,  „  ment,   are   curved  mward  to- 

Throw,  Seven  Bearing  ,'  -        •     *  xi.  «   i.  *^ 

Crankshaff  waiJ  the  axis  of  the  crankshaft 
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Crankshaft  Proportions. — Formerly  the  crank  pin  diameter 
was  made  proportional  to  the  cylinder  bore  and  Indepen- 
dent of  the  stroke*  because  if  the  crank  pin  length  is 
made  proportional  to  the  crank  pin  diameter,  then  the  crank 
pin  bearing  area  is  proportional  to  the  square  of  the  diameter, 
and  since  the  total  explosion  pressure  is  prop<Mlional  to  the 
square  of  the  cylinder  bore,  if  the  crank  pin  diameter  bears  a 
certain  proportion  to  the  cylinder  bore,  the  unit  bearing  pres^ 
sure  on  the  crank  pin  will  be  constant.  However,  in  recent 
years  piston  speeds  have  been  so  greatly  Increased  that  explo- 
sion pressure  is  no  longer  the  chief  factor  in  determining  the 
load  on  the  crank  pin,  but,  rather,  the  inertia  of  the  recipro- 
cating parts.  The  inertia  force,  however,  is  proportional  to  the 
length  of  stroke.  At  high  engine  speeds  there  is  very  little 
pressure  on  the  crank  pin  during  the  first  part  of  the  explosion 
stroke,  as  the  force  of  the  explosion  is  nearly  balanced  by  the 
oppositely  directed  force  of  inertia  on  the  piston  and  the  upper 
end  of  the  connecting  rod.  Inertia  forces  due  to  the  recipro- 
cating parts  are  acting  during  all  four  strokes,  and,  therefore, 
it  may  safely  be  said  that  at  high  speeds  the  greater  part  of 
the  bearing  load  on  the  crank  pin  is  due  to  inertia  forces. 
Since  the  Inertia  force  is  proportional  to  the  weight  oi  the 
reciprocating  parts,  which  varies  substantially  as  the  square 
of  the  bore,  and  to  the  length  of  stroke,  it  follows  that  the  crank 
pin  bearing  surface  should  be  made  proportional  to  the  piston 
displacement  As  a  matter  of  fact,  crank  pin  diameters  have 
increased  relatively  with  the  increase  in  strokes,  hence  we  may 
say  that  this  rule  has  the  sanction  of  practice. 

In  four-cylinder  engines  it  is  now  customary  to  use  three 
bearing  crankshafts,  except  in  very  small  engines,  in  which 
two  bearing  crankshafts  are  used  to  quite  an  extent  Four 
bearing  crankshafts  are  possible,  but  have  little  to  recommend 
them,  while  five  bearing  crankshafts  have  almost  passed  out 
of  existence  with  individual  cast  cylinders.  In  a  block  cast 
motor  it  is  very  diflicult  to  get  sufficient  bearing  length  In  a 
five  bearing  crankshaft.  Of  course,  the  cylinders  can  be  placed 
at  such  distances  apart  as  to  make  the  necessary  length  of  bear- 
ings available,  but  this  adds  greatly  to  the  weight  of  the  en- 
gine. It  is  also  necessary  to  face  the  crank  arms  olf  on 
both  sides,  and  this  adds  to  the  expense. 

From  the  above  it  wUl  be  gathered  that  the  dimensions  of 
crankshafts  are  dictated  by  considerations  of  stiffness  or  rigid- 
ity (both  lateral  and  torsional),  and  of  bearing  surface,  and 
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that  the  bearing  surface  required  in  high-speed  engines  de- 
pends more  upon  the  inertia  of  the  redprocaMng  parts  than 
upon  the  explosion  pressure.  Since  all  steels  haye  substantial- 
ly the  same  coefficient  of  rigidity,  we  can  neglect  the  physical 
properties  of  the  material  to  be  used  in  the  crankshaft  The 
explosion  pressure,  which  varies  with  the  compression  ration 
may  also  be  neglected.  In  the. following  are  given  empirical 
rules  for  dimensioning  crankshafts  of  automobile  motors,  based 
on  a  mass  of  carefully  collected  data  of  recent  motors. 

Three  Bearing  Four-Cylinder  Crankshafts. — ^Let 

d  =  diameter  of  crank  pin 

I  e  length  of  crank  pin  bearing 

di,dti  dt  s=  diameters  of  main  crank  Journals,  front  to  rear 

{,,  1^  I,  SB  length  of  main  crank  journals,  front  to  rear 

D  s=  piston  displacement  of  one  cylinder 

10  s=  width  oi  crank  arms  (largest  dimension) 

U  »  thickness  of  short  crank  arms 

ti  s=  thickness  of  long  crank  arms. 

The  crank  pin  diameter  of  a  three  bear* 
ing,  four^cylinder  crankshaft 


f^  16 


•«• 


(67) 


and  the  length  of  the  crank  pin  Journal, 

I  =  1.25  d (68) 

In  a  four-cylinder  three  bearing  crankshaft  the  crank  Jour- 
nals are  generally  made  all  of  the  same  diameter  as  the  crank 
pins  and  the  length  of  the  different  Journals  are  made  as 
follows: 

^  »  1.25  I 
I.  —  L25  I 

h  =  1.75  I. 

The  extra  length  of  the  rear  bearing  is  necessary  be- 
cause this  bearing  carries  the  weight  of  the  flywhe^  in  addi- 
tion to  its  other  loads.  This  makes  the  total  loigth  of  the  main 
bearings  slightly  greater  than  the  total  length  of  the  crank  pin 
bearings,  and  as  the  bearing  diameters  are  the  same,  the  total 
main  Journal  bearing  surface  is  slightly  greater  than  the  total 
bearing  surface  of  the  crank  pins. 

There  is  a  good  deal  of  variation  ih  practice  regarding  width 
of  crank  arms.  This  width  must  be  greater  than  the  diameter 
of  the  crank  pin  and  Journals  so  as  to  afford  bearing  surface 
for 'end  thrusts.  In  checking  up  the  dimensions  of  a  large 
number  of  crankshafts  the  writer  finds  that  the  width  of  the 
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crank  arms  varies  between  1.2  d  and  1.58  d.  In  a  rigid  shaft 
there  is  end  thrust  only  on  the  main  journals  and  this  is  some- 
times provided  for  by  forging  the  crank  with  circular  flanges 
on  both  sides  of  the  central  journal,  as  shown  in  Fig.  108,  or  at 
both  side's  of  the  rear  journal,  as  exemplified  in  Fig.  107.  In 
either  of  these  cases  the  width  of  arm  can  be  made 

w  =  1.25  d, 

but  if  the  crank  arms  themselves  are  to  be  sufficiently  wide  to 
afford  sufficient  bearing  surface  it  is  well  to  make 

The  thickness  is,  of  course,  different  for  the  short  and  the 
long  arms,  because  the  bending  moment  is  greatest  in  the 
latter.  The  resistance  to  bending  of  the  arnis  in  the  plane  of 
the  crankshaft  must  be  proportional  to  the  resistance  to  bend- 
ing cf  the  crank  pins.  The  latter  is  proportional  to  the  cube 
of. the  crank  pin  diameter  and  the  former  to  the  product  of 
the  width  into  the  square  of  the  thickness.    Hence  we  have 

f  d*  =  w  ^. 

If  r  has  a  value  of  0.59  then  the  crank  pin  and  crank  arm 
would  have  the  same  resistance  to  bending  in  the  plane  of  the 
crankshaft.  As  the  bending  moment  is  greater  in  the  long 
arm  and  smaller  in  the  short  arm  than  in  the  crank  pin  it  is 
logical  to  use  a  somewhat  smaller  constant  for  the  short  arm 
and  a  somewhat  greater  one  for  the  long  one.  We  will  make 
these  constants  0.56  and  0.64,  respectively,  which  gives 


=  0.6  ^_ 

f  TV 


(69) 

w 


and  J^ 


*,  =  o.8  \- (70) 

w. 


In  all  drop  forged  unfinished  crankshafts  the  section,  of  course, 
is  not  a  parallelogram,  as  draft  has  to  be  allowed  on  the  two 
long  sides,  amounting  usually  to  about  7  degrees.  In  applying 
the  above  formulae  the  calculated  thickness  can  be  taken  as 
the  mean  between  the  minimum  and  the  maximum  thickness. 

Applying  the  equations  to  a  four-cylinder  3^  x  5-inch  motor, 
which  has  a  piston  displacement  of  48.1  cu.  in.,  we  obtain  .the 
following  results: 


192 


THE  CRANKSHAFT. 


Fig.    108. — ^Thrust  Flanges  on  Crankshaft 


d  =  f/^  =  1.74,  say  1% 


inches 


I  =>  1.25  X  1.74  =  2.18,  say  2  3/16  Inches 

h  and  It  =  1.25  X  2.18  »  2.70,  say  2%  Inches 

U  =  1.75  X  2.18  —  8.82,  say  3%  inches 


ana  i^  =  i.zo  x  2.19  s=  2.yu,  say  z%  in 
I,  =  1.75  X  2.18  —  8.82,  say  3%  inches 
=  1.4  X  1.74  »  2.43,  say  2^  inches 


w 


t,  0.6  iy^4^  =  0.876,  say  %  inch 

r         2.5 

^0.8A/L!E 
A^      2.5 


1.17,  say  1  3/16  inches. 


Two  Bearing,  Four-Cylinder  Crankshafts. — ^Two  bearing  fonr^ 
cylinder  crankshafts,  as  a  rule,  are  used  only  on  engines  of  less 
than  200  cu.  Ins.  piston  displacement  Crank  pin  and  crank- 
shaft journals  are  made  of  the  same  diameter. 

The  following  rules  apply: 


r    12.1 


I  =  d. 


(71) 


(72) 


\  =  1.3  I 

U  =  1.7  / 

w  =  1.25  d 


r,  =.  0 


.55//^ (73) 

r       w 

Fig.    109.  —  Form    of 

_  Long    Arms'  of    Six- 

.8  #/^'^' (74)    Cylinder,  Three-Bear- 

r^        If  jjan   P.nAitfiraTTAvwr 
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Let  us  now  apply  the  preceding  equations  to  the  case  of  a  3^ 
z  4^*inch  engine,  which  has  a  piston  dlspiacec'ent  per  cylin- 
der of  37.4  cubic  Inches. 

d  =  t/^  =  1.76,  say  1%  in  hes 

I  OB  d  ss  1^  Inches 

^  as  1.3  I  »  2.29,  say  2^  Inches 

^  s=  1.7  Z  a^:  3  inches 

10  »  1.26  d  =  2.19,  say  2  3/16  Inches 

U  =  0.55  l/^^  =  0.82,  say  13/16  inch 

tx  =  0.8  i/^  ±:Z^  =  1.19,  say  1  3/16  Inches. 

This  crankshaft  is  shown  in  Fig.  107.  It  will  be  seen  at  once 
that  such  a  crankshaft  Is  not  symmetrical  about  a  plane 
through  its  axis  perpendicular  to  the  plane  through  the  crank 
arms,  and  it  is,  therefore,  not  inherently  balanced.  The  two 
short  arms  are  both  on  the  same  side,  and  they  must  be  bal- 
anced by  the  block  of  metal  between  the  two  middle  crank  pins, 
which  must  be  made  of  sufficient  diameter  so  that  Its  moment 
around  the  crank  axis  exactly  balances  the  moment  of  the  two 
short  arms. 

In  a  crankshaft  of  this  type  it  is  well  to  take  up  end  thrust 
in  both  directions  on  thrust  collars  to  both  sides  of  the  rear 
main  Journal,  as  shown  in  the  figure.  This  entirely  relieres 
the  cranks  of  end  thrust  resulting  from  forces  outside  the 
englna  When  provision  is  thus  made  to  take  up  the  thrust  at 
dertain  points,  a  slight  clearance  must  be  allowed  at  other 
points  where  thrust  might  be  taken  up,  as  on  the  inside  of  the 
front  main  journal  in  this  case. 

Six-Cylinder  Three  Bearing  Crankshafts. — Crankshafts  of 
six-cylinder  motors  are  supported  on  three,  four  or  seven  bear- 
ings, the  first  mentioned  construction  being  the  most  popular. 
Of  the  1915  American  six-cylinder  models,  44  per  cent,  had 
three  bearing  crankshafts,  87  per  cent  four  bearing  crank- 
shafts and  19  per  cent,  seven  bearing  crankshafts.  The  three 
bearing  crankshaft  goes  together  most  naturally  with  cylin- 
ders cast  in  threes,  the  four  bearing  crankshaft  with  cylinders 
cast  in  pairs  and  the  seven  bearing  crankshaft  with  ihdividu- 
ally  cast  cylinders,  but  the  different  types  of  crankshafts  ire 
by  no  means  limited  to  the  respective  forms  of  oonstructlon. 
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In  the  case  of  a  three  bearing  crankshaft,  since  there  are  three 
throws  between  supports,  the  crank  pins  and  crank  arms  must 
be  of  very  substantial  form.  Following  are  rules  for  the 
dimensions  of  crankshafts  of  this  type: 


d 


(75) 

12 


/  =  i.o6  rf (76) 

/l  =  1.3  / 

U  =  1.3  / 

/a  =1.75/ 

w  =  1.25  d i77) 

/.=o.55  Wi ; (78) 

'  w 

— (79) 

w 

These  rules  give  for  a  3j^  x  S-inch  motor  of  a  piston  displace- 
ment of  48.1  cu.  ins.  per  cylinder,  the  following  crankshaft 
dimensions:  Crank  pin  diameter,  2  inches;  crank  pin  length, 
2li  inches;  diameter  of  main  journals,  2  inches;  length  of 
front  and  central  journals,  2^  inches;  length  of  rear  journal, 
3^  inches;  width  of  crank  arms,  2^  inches;  thickness  of  short 
arms,  i  inch;  thickness  of  long  arms,  i  7/16  inches. 

In  a  six-cylinder  three  bearing  crankshaft  there  are,  of 
course,  three  throws  between  supports,  the  central  one  of  the 
three  crank  pins  having  a  long  arm  on  both  sides  and  the 
other  two  crank  pins  a  long  arm  on  one  side  and  a  short  arm 
on  the  other.  Adjacent  crank  pins  are  always  120  degrees 
apart  and  it  can  easily  be  shown  that  if  the  long  crank  arms 
were  run  straight  across  from  one  crank  pin  to  the  adjacent 
one  the  crankshaft  would  not  be  in  balance.  In  order  to  se- 
cure absolute  balance  the  long  arms  should  run  from  one  pin 
radially  inward  to  the  crankshaft  axis  and  then  radially  out- 
ward to  the  adjacent  crank  pin,  so  its  two  parts  make  an  angle 
of  120  degrees  with  each  other.  Formerly,  these  cranks  were 
sometimes  made  with  short  crank  arms  only,  with  a  short 
dummy  journal  between  the  two  short  arms  which  take  the 
place  of  the  long  arm.  Such  a  construction,  while  in  absolute 
balance,  is  not  as  rigid  as  it  can  be  made  without  an  increase 
in  the  amount  of  metal  used.  In  actual  practice  the  arm  is 
curved  inward  so  it  passes  through  the  axis  of  the  crankshaft, 
and  it  also  slightly  advances  helically  in  the  direction  of  the 
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axis,  aa  shown  In  Fig.  iu9.  In  laying  out  the  arm  to  ensure 
proper  balance  it  is  well  to  start  with  the  double  short  arm, 
as  shown  in  dotted  lines  in  the  figure,  and  any  fillet  on  the 
inside  must  then  be  balanoad  by  a  corresponding  amount  of 
material  on  the  outside.  This  type  of  crankshaft  is  used  mainly 
on  engines  with  all  cylinders  cast  en  bloc  or  in  two  sets  of 
three  each.  In  the  former  case  there  must  be  left  consider- 
able space  between  cylinders  Nos.  3  and  4  in  order  to  make 
room  for  the  central  crankshaft  bearing  This  space  can  be 
slightly  reduced  and  the  engine  thus  rendered  more  compajct, 
by  making  the  two  central  short  arm^  somewhat  thicker  in 
the  first  place  and  then  turning  them  down  to  a  rectangular 
cross  section,  so  that  the  crank  pin  bearing  surface  extends 
right  up  to  the  inner  plane  surface  oi  the  crank  arm,  but  as 
this  further  disturbs  the  symmetry  ct  the  crank  it  requires 
greater  care  in  balancing. 

SIx-Cyllnder  Four  Bearing  Crankshaft — ^This  type  fits  in 
particularly  well  with  engines  having  their  cylinders  cast  in 
pairs,  because  there  is  naturally  room  for  the  two  interme- 
diate crankshaft  Journals  between  adjacent  cylinder  paird. 
Owing  to  the  fact  that  there  are  only  two  throws  between 
supports  the  crank  pins  and  arms  can  be  made  lighter,  rola* 
tiYSly,  than  in  the  previously  described  type.  Following  arc. 
the  rules  for  crank  pin  dimensions: 


im 


=  1.1  d .^n 


It  will  be  seen  that  this  rule  gives  a  decidedly 
crank  pin  than  is  given  by  the  rule  for  the  thiee  bearing  crank- 
shaft  The  use  of  this  is  Justified  because  the  chief  stress  oil 
the  crank  pin  is  in  the  nature  of  bending  stress,  and  tn  iha 
four  bearing  crankshaft  the  maximum  bending  moment  ia 
much  less  than  in  the  three  bearing  crankshaft  because  of  the 
shorter  distance  between  supports  in  the  former.  However,  in 
a  six-cylinder  oigine  torsional  weakness  of  the  long  crankshaft 
is  an  important  factor  to  look  out  for.  The  turning  effort  or 
torque  on  the  crankshaft  due  to  explosion  pressure  and  inertia 
forces  varies  constantly  and  suddenly,  and  as  the  hea^  fly- 
wheel prevents  any  sudden  changes  in  motion  oi  tke  rear  anti 
of  the  crank,  th^  crankshaft  will  twist  under  these  varllablo 
torsion  forces.    Each  crankshaft  has  a  definite  period  of  tor- 
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fiional  vibration  and  if  the  engine  speed  happens  to  be  such 
that  the  interval  between  explosions  is  eqaal  to  the  natural 
period  of  vibration  of  the  crankshaft,  violent  vibrations  will 
be  set  up.  In  order  to  minimize  this  the  shaft  must  be  made 
very  stifC  torsionally.  The  torsional  deflection  of  a  crankshaft 
is  made  up  of  deflections  of  its  individual  parts — crank  pins, 
orank  arms  and  crank  Journals — ^but  it  Is  directly  evident  that 
the  crank  journals  contribute  much  more  to  this  deflection  than 
'4he  crank  pins.  Therefore,  in  order  to  reduce  torsional  vibra^ 
tion  the  crank  Journals  should  be  made  heavier,  particularly 
the  rear  one,  which  is  longer  than  the  others  and  is  subjected 
to  dhe  greatest  torque.  It  is  well  to  make  the  rear  Journal  of 
the  same  diameter  as  it  would  be  made  in  a  three  bearing 
crankshaft,  viz., 


the  front  one  the  same  as  the  crank  pin  diameter, 

and  the  two  intermediate  Journals  of  a  diameter  about  equal  to 
the  mean  of  these  two,  viz.. 


dt  and 


*-/^s 


All  of  the  crank  arms  of  the  same  kind  must,  of  course,  be 
alike,  as  otherwise  the  crankshaft  would  be  difficult  to  bal- 
ance.   The  length  of  the  rear  bearing  should  be 

I4  =  1.6  I 

and  the  lengths  of  the  other  three  bearings  should  be  equal 
to  I.    The  width  of  all  arms 

to  =  1.35  d; 
the  thickness  of  the  short  arms, 

• 

t.  =  0.C5  l/^^ 
r     to 

and  the  thickness  of  the  long  arms 

ti  =  0.85  //£ 

^     to. 

Hence  we  get  the  following  dimensions  for  a  four  bearing 
crankshaft  for  a  six-cylinder  3%  x  5-inch  motor  with  4S.1  cubic 
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IncheB  piston  displacement  per  cylinder.  Crank  pin  diameter, 
1  18/16  inches;  crank  pin  length*  2  inches;  front  crankshaft 
bearing,  1  13/16  z  2  inches;  rear  crankshaft  bearing,  2  x  S^ 
Inches;  intermediate  crankshaft  bearings,  1  16/16  z  2  inches; 
width  of  crank  arms,  2%  inches;  thickness  of  short  crank  arms, 
1  inch;  thickness  of  long  crank  arms,  1  7/16  inches. 

SIx-Cyiinder  Seven  -  Bearing  Crankshafts.  —  In  a  seven- 
bearing  crankshaft  the  tendency  to  torsional  vibration  is 
probably  greater  than  in  any  other  type,  owing  to  the  greater 
aggregate  loigth  of  the  main  journals.  On  the  other  hand, 
the  bending  moments  are  small,  owing  to  the  short  dis- 
tances between  supports,  hence  it  seems  logical  to  make 
the  crank  pins  of  smaller  diameter  than  the  main  Journals. 
As  an  instance  of  the  extremes  to  which  some  desigTien 
have  gone  to  prevent  torsional  vibration  in  siz-cylindex 
ttigines  it  may  be  mentioned  that  the  Shei&eld  Simplez  six- 
cylinder  3)6  X  6  inch  engine  has  a  seven-bearing  crankshaft 
with  main  Journals  2%  inches  in  diameter.  In  order  to 
secure  adequate  bearing  surface  without  unnecessarily 
lengthening  the  oigine  the  crank  arms  must  be  finished  on 
the  sides  at  least  and  the  Journals  must  come  right  up  to 
the  sides  of  the  arms.  Another  thing  to  be  remembered  is 
that  the  central  bearing  is  subject  to  greater  loads  from 
Inertia  forces  than  any  of  the  others,  and  for  that  reason 
should  preferably  be  made  longer  than  the  other  interme^ 
diate  bearings.  This  may  be  explained  as  follows:  All  loads 
on  one  crank  pin  are  considered  as  equally  divided  between 
the  two  adjacent  main  Journals.  Now,  the  two  pistons  on 
opposite  sides  of  the  central  bearing  are  in  phase,  so  that 
their  inertia  forces  always  add  together.  On  the  other  hand, 
the  pistons  on  opposite  sides  of  the  other  intermediate  bear- 
ings are  120  degrees  out  of  phase,  and  the  resultant  of  the 
two  forces  over  a  complete  revolution  is  equal  only  to  the 
inertia  force  of  a  single  piston,  because  soon  the  two  are  of 
the  same  sign,  and,  therefore,  add,  and  soon  they  are  of 
opposite  sign.  However,  the  inertia  load  on  the  crank  Jour- 
nal would  not  be  quite  halved  by  this  condition,  owing  to 
the  lateral  displacement  between  the  simultaneous  forces. 
But  In  any  event  the  inertia  load  on  the  central  main  Journal 
is  considerably  greater  than  that  on  the  other  intermediate 
journals. 

Rules  for  crank  pin  dimensions  are  as  follows: 

I  «  L06  d. 

£=18. 
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The  total  bearing  area  of  the  main  joumala  may  be  made 
0.38  D.  Thia  may  be  divided  between  the  different  bearing! 
as  follows:  Front,  16%;  central,  18%;  rear,  26%;  others, 
10.5%  each.  The  ratios  of  length  to  diameter  of  the  rear 
bearing  can  be  made  1.5.  The  front  bearing  can  be  made 
of  the  same  diameter  as  the  crank  pin,  and  the  intermediate 
bearings  of  a  diameter  equal  to  that  of  the  rear  bearing  or 
Intermediate  between  the  diameters  of  the  fr<xit  and  rear 
bearings.  The  crank  arm  width  can  be  made  anything  de^ 
sired  from  1.26  tf  to  1.5  tf  and  the  thickness 


'  -  »••  Jr 


These  rules  give  for  a  six-cylinder,  seren-bearing  crank- 
shaft for  a  3^  z  6  inch  engine  the  following  dimensions: 
Crank  pin  diameter,  1%  inches;  crank  pin  length,  1%  inches 
(the  formulae  give  the  dimensions  1.69  z  1.68,  but,  of  course, 
it  is  the  intention  that  round  figures  be  chosen  for  the  di- 
mensions, and  1%  z  1%  inches  gives  about  the  same  bear- 
ing area);  front  Journal  diameter,  1%  Inches;  front  Jour- 
nal length,  1%  inches;  rear  Journal  diameter,  1%  inches; 
rear  journal  length,  2%  inches;  central  journal  diameter, 
1  11/16  inches;  central  journal  length,  2  inches;  diameter 
of  other  Journals,  1  11/16  inches;  length  of  other  Journals, 
1%  inches;  width  of  crank  arms,  2^  inches;  thickness  of 
crank  arms,  %  inch. 

When  the  cylinders  are  cast  in  pairs  the  bearing  area  oi 
the  main  Journals  must  be  differently  divided.  Front  and 
rear  Journals  can,  of  course,  be  the  same  as  in  the  above 
case,  but  of  the  five  intermediate  Journals  the  two  between 
cylinder  pairs  will  be  longer  than  the  remaining  three. 
The  bearing  area  of  each  of  the  two  longer  intermediate 
bearings  may  be  made  15%  of  the  total,  and  that  of  each  of 
the  short  intermediate  bearings,  10%  of  the  total.  In  case 
all  of  the  cylinders  are  cast  singly  there  is  plenty  of  room 
for  sufficient  bearing  area  without  finishing  the  crank  arms. 
However,  in  view  of  present  tendencies  it  does  not  appear 
likely  that  any  new  six-cylinder  engines  of  this  type  will  be 
designed,  owing  to  the  necessarily  great  length  of  such 
engines. 

Eight-Cylinder  Three-Bearing  Crankshafts^— In  an  eight- 
cylinder  motor  with  two  sets  of  cylinders  at  an  angle  of  90 
degrees,  any  of  the  types  of  crankshafts  suitable  for  a  four^ 
cylinder  motor — ^two,  three,  four  and  five  bearing — ^may  be 
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used,  but  the  two  and  three  bearing  types  are  the  most  ad- 
vantageous. In  such  engines  two  connecting  rods  connect  to 
each  crank  pin,  and  there  are  three  different  methods  of 
arranging  the  connecting  rod  big-end  bearings,  which  affect 
the  design  of  the  crankshaft.    These  methods  are  as  follows: 

L  One  connecting  rod  yoked^and  clamped  to  a  bearing  bush- 
ing, and  the  other  having  a  bearing  on  the  outside  of  the 
bushing. 

2.  Bearings  on  crank  pin  side  by  side. 

8.  One  "master"  connecting  rod,  having  its  bearing  on  the 
crank  pin,  and  the  other  hinged  to  the  master  connecting  rod. 

The  yoked  form  of  construction  is  the  most  popular.  Crank 
pins  and  crank  Journals  can  be  of  the  same  diameter.  In  pro- 
portion to  the  cylinder  displacement  the  crank  pin  area  will 
be  large,  and  this  is  a  very  desirable  feature,  as  with  the 
ordinary  yoked  construction  the  crank  pin  bearing  cannot  be 
refitted  when  worn,  but  must  have  its  bushing  replaced.  For 
an  eight-cylinder  three-bearing  crankshaft  with  yoked  connect- 
ing rods  the  crank  pin  dimensions  may  be  made  as  follows: 

i-=  1.26. 

a 

The  lengths  of  the  three  crank  Journals  may  be  made  as 
follows: 

\  =  1.28  I;  I,  =  1.06  Z;  Z,  =  1.64  I. 
For  a  3  z  4^  inch  engine  this  gives  the  following  dimensions: 
Crank  pin,  1  11/16  z  2%  inches;  front  bearing,  1  11/16  z  2% 
inches;  middle  bearing,  1  11/16  z  2%  inches;  rear  bearing, 
1  11/16  z  3^  inches. 

It  results  from  the  above  figures  that  the  second  and  third 
cylinders  must  be  a  considerable  distance  anart  in  order  to 
make  room  for  the  middle  bearing.  In  order  %  keep  down  the 
length  of  the  engine  it  is  well  to  face  off  the  short  crank  arms 
on  both  sides  and  bring  the  Journal  right  up  to  the  finished 
surfaces.  The  long  crank  arms,  however,  can  be  made  of  the 
usual  form  with  draft  and  left  rough.  The  crank  arm  width 
may  be  made 

%o  =  1.25  d. 
the  thickness  of  the  short  crank  arms 


..5^ 
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and  the  thickness  of  the  long  crank  arms 


/— 

/I  =  0.75    /  w. 


These  rules  give  for  the  dimejislons  of  the  crank  arms  for 
the  3x4^  Inch  engine  crankshaft  the  following:  Width  of 
armSt  2^  inches;  thickness  of  short  arms,  %  in6h;  thick- 
ness of  long  arms,  1%  inches.  With  the  crank  pins  sym- 
metrical to  the  cylinder  axes  this  calls  for  a  space  of  about 
2%  inches  between  cylinders  Noe.  2  and  8. 

Crank  Journals  Side  by  Side.— ^If  the  crank  pin  Journals 
are  to  be  placed  side  by  side  the  proportions  of  the  crank- 
shaft can  be  made  the  same  as  aboye,  with  the  exception  of 
the  length  of  the  crank  pin  bearings,  which  are  made  as  long 
as  the  distance  between  adjacent  cylinders  permits,  the  long 
crank  aims  also  being  finished  on  the  sides.  For  instance,  in 
the  aboye  case  the  distance  between  axes  of  adjacent  cylinders 
would  be  about  3%  inches,  and  as  the  long  crank  arm  occu- 
pies 1%  in6hes  of  this  space  there  remains  2%  Indies  for  the 
crank  pin,  making  the  bearing  surface  of  each  connectix^  rod 
1  11/16  x  1  6/16  inches. 

Eight-Cylinder  Two-Bearing  Crankshafts. — Owing  to  the 
necessity  of  allowing  considerable  space  between  the  second 
and  third  cylinders  of  each  oylinder  block  in  an  eight-cylinder 
engine  with  a  three-bearing  crankshaft,  many  designers  pre- 
fer to  use  a  two-bearing  shaft,  and  the  latter  is  much  more 
popular,  relatiyely,  for  eightrcylinder  than  four-cylinder  en- 
gines. Undoubtedly  the  fact  that  indiyidual  explosions  and 
the  inertia  forces  due  to  the  reciprocating  parts  of  a  single 
cylinder  are  so  much  smaller  makes  this  type  of  crankshaft 
more  practical  for  the  ''eight"  than  it  is  for  the  "four.** 
Following  are  jpitable  proportions  for  a  two-bearing  eight- 
cylinder  crankshaft  with  which  yoked  connecting  rods  are  to 
be  used: 

J  ^  1.06. 

h  »  1.85  I. 
I.  »  1.45  ;. 
io  »  1.25  d. 


0.55 


v«- 
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Fig.  113. — Eight-Cylinder,  Three-Bearing  Crankshaft  for  a 

3  X  4J4-Inch  Motor. 


1^ 
*i=0.8        w. 


Th6f6  rales  give  the  following  dimensions  for  a  erankshaft 
for  a  8  z  4^  inch  engine:  Crank  pin,  2%  z  2%  inches;  firont 
crank  Journal,  2%  z  8;  rear  crank  Journal,  2%  z  8^;  short 
crank  arms,  2%  z  1  inches;  long  crank  arms,  2%  z  1^, 
Practically  the  same  crankshaft  would  be  used  if  the  ocxn- 
necting  rod  bearings  were  to  be  placed  side  by  side;  but  in 
that  case  the  ratio  of  cylinder  displacement  to  crankpin 
bearing  area  would  be  13  instead  of  6.5.  This  figure,  it  may 
be  pointed  out,  is  still  considerably  less  than  that  given 
for  a  siz-cylinder  seyen-bearing  crankshaft,  for  instance. 

Twelve-Cylinder  Three-Bearing  Crankshaft. — ^Probably  the 
standard  type  of  crankshaft  for  twelve-cylinder  motors  will 
be  the  three-bearing,  because  the  cylinders  are  likely  to  lie 


Fig.   114. — Eight-Cylinder,   Two-Bearing   Crankshaft  for  a 

3x  4>4-Inch  Motor. 
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always  cast  in  blocks  of  six,  and  all  intermediate  bearings 
call  for  extra  space  between  cylinders,  which  adds  to  the 
weight  and  bulk  of  the  engine.  A  two-bearing  crankshaft, 
of  course,  is  out  of  the  question.  For  yoked  connecting  rods 
the  proportions  can  be  made  as  follows: 

^  -  7.6. 

i.=  1.16. 

J,  B  I;  I,  .s  1.25  I;  (,  =  1.26  I. 
w  =  1.3  d. 


U  =  0.6  ^«^* 
U  «  0.7  J^' 


These  rules  give  for  a  crankshaft  for  a  2%  z  4%-inch  engine 
the  following  dimensions:  Crank  pin,  1^  x  2  inches;  front 
journal,  1^x2  inches;  central  journal,  1^  x  2%  inches;  rear 
journal,  1^  x  2JJ  inches;  short  crank  arms,  2%  -x.  }i  inches; 
long  crank  arms,  2Ji  x  1 1/16  inches.  This  allows  of  the  use 
of  unfinished  long  arms. 

If  the  connecting  rod  bearings  are  to  be  placed  side  by  side 
on  the  crank  pin,  then  it  is  advisable  to  make  the  pin  some- 
what longer,  and  the  long  crank  arms  as  well  as  the  short 
ones  have  to  be  finished  off.    We  may  then  make 

D 

—  =13. 
a 

I 

—  =  1.35. 
d 

The  crank  journal  and  crank  arm  dimensions  remain  the 
eame  as  in  the  previous  case.  In  the  case  of  the  2%  x  4^- 
inch  engine  the  crank  pin  dimensions  then  become  1%  x  2% 
inches,  and  the  dimensions  of  each' crank  pin  bearing,  19^  x 
1  3/16  inches. 

It  will  have  been  noticed  that  as  the  number  of  engine  cylin- 
ders increases  the  excess  length  of  the  rear  bearing  over  the 
other  crankshaft  bearings  becomes  less,  which  is  due  to  the 
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fact  that  the  flywheels  of  eight  and  twelye-cylinder  engines 
weigh  comparatively  little. 

Balance  Weights  on  Six-Throw  Crankshafts — ^What  was 
said  regarding  the  lack  of  balance  of  the  individual  throws  in 
four-cylinder  crankshafts  applies  equally  in  the  case  of  six-cylin- 
der crankshafts,  and  some  makers  of  high  speed  six-cylinder 
engines  provide  each  crank  arm  with  a  counter-weight  such  as 
to  balance  the  arm  to  which  it  is  attached,  and  one-half  of  the 
adjacent  crank  pin  or  pins.  The  counter-weights  may  be  either 
forged  integral  with  the  crankshaft  or  secured  to  the  latter  by 
bolts.  Some  engineers  doubt  the  value  of  the  counter-weights 
except  in  certain  cases.  Perhaps  the  best  method  of  studying 
the  problem  is  to  assume  a  standard  indicator  diagram,  and  then 
from  the  cylinder  dimensions,  length  of  connecting  rod  and 
weights  of  reciprocating  and  rotating  parts  and  the  speed  of 
rotation  calculate  the  different  forces  due  respectively  to  gas 
pressure,  inertia  forces  and  centrifugal  forces  for  each  bearing 
in  each  of  say,  twenty  points  evenly  distributed  over  the  cycle. 
A  polar  diagram  of  bearing  pressure  can  then  be  drawn,  from 
which  it  can  easily  be  seen  whether  or  not  a  weight  revolving 
at  crankshaft  speed  could  be  used  to  reduce  the  bearing  load  and 
in  which  angular  relation  to  the  crank  arms  the  radius  from  the 
crank  axis  to  the  center  of  gravity  of  the  revolving  weight  should 
be. 

Front  and  Rear  Ends— The  front  end  of  the  crankshaft  must 
be  extended  to  carry  the  driving  pinion  of  the  camshaft  gear  and 
the  pin  op  ratchet  toothed  sleeve  with  which  the  starting  crank 
engages.  There  may  also  be  an  oil  guard  formed  on  the  shaft 
inside  the  seat  for  the  cam  gear  pinion.  The  length  of  the  cam 
^ear  seat  may  be  made  0.6  times  the  crankshaft  diameter  and 
the  length  for  the  starting  ratchet  seat  the  same.  The  starting 
ratchet  seat  is  made  smaller  in  diameter  than  the  pinion  seat, 
and  the  latter  smaller  than  the  crank  journal. 

At  the  rear  end  of  the  crankshaft  an  oil  guard  is  usually  pro- 
vided, especially  if  a  cone  clutch  is  to  be  employed.  This  con- 
sists of  a  narrow  flange  turned  on  the  crankshaft  just  beyond 
the  rear  crank  journal,  with  a  sharp  outer  edge,  from  which  the 
oil  is  flung  off  when  the  shaft  turns  rapidly.  The  oil  is  caught 
in  a  recess  turned  in  the  outer  end  of  the  bearing  hub,  from 
which  it  drains  back  to  the  crank  case. 

Beyond  the  oil  guard  there  is  generally  provided  an  integral 
flange  to  which  the  flywheel  is  bolted.  This  flange  is  made  of 
an  outside  diameter  equal  to  the  stroke,  of  a  width  equal  to 
1/16  inch  per  inch  of  bore  multiplied  by  the  square  root  of 
the  number  of  cylinders  and  is  drilled  with  six  holes  for  the 
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reception  of  bolts.  The  diameter  of  the  bolts  may  be  made 
equal  to  the  width  of  the  flange.  Where  a  very  secure  job  is 
desired  the  holes  in  the  flange  and  in  the  web  of  the  flywheel 
are  counterbored  and  have  hardened  dowel  bushings  inserted, 
which  take  up  the  driving  strain. 

Beyond  the  flywheel  flange  the  crankshaft  is  generally  ex- 
tended a  short  distance  to  form  a  stud  or  pilot  for  the  clutch 
to  ride  upon. 

Crankshaft  Blanks— Crankshafts  are  made  either  from  large 
slabs  of  steel  of  prismatic  form  slightly  larger  than  the  over- 
all dimensions  of  the  finished  shaft,  or  from  drop  forgings,  which 
are  very  close  to  the  sizes  of  the  finished  shaft.  When  the  shaft 
is  made  from  a  slab  it  is  practically  impossible  to  provide  an 
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Fig.  115. — ^Slab  of  Steel  Drilled  to  Fokic  Cranks. 

integral  flywheel  flange,  and  the  flywheel  is  then  keyed  on,  a  long 
tapered  key  seat  and  a  thread  for  a  nut  to  draw  the  flywheel 
onto  its  seat  being  provided  for  the  purpose.  The  cranks  are 
first  formed  by  drilling  and  sawing,  as  indicated  in  Fiff.  115,  and 

are  then  rough  turned,  in  whldi  state  they  are  generally  deliv- 
ered to  the  motor  manufacturer.  Crankshafts  of  this  tsrpe  are 
eventually  machined  all  over,  being  planed  or  milled  on  the  flat 
sides  and  turned  on  all  other  surfaces. 

When  the  cranks  are  to  be  produced  by  the  drop  forging 
process  a  draft  of  about  8  degrees  must  be  allowed  on  the 
sides  of  the  arms,  so  the  forgings  can  be  readily  withdrawn  from 
the  dies.  The  sections  should  be  laid  out  so  that  they  are  equiva- 
lent to  rectangular  sections  of  the  calculated  dimensions.  When 
the  forgings  are  completed  they  are  subjected  to  the  heat  treat- 
ment already  referred  to,  and  are  then  ready  for  machining. 

Machining — Whether  the  crankshafts  are  made  from  slabs 
or  drop  forgings,  they  are  generally  first  turned  in  the  lathe, 
and  the  crank  pin  and  journal  bearings  are  then  finished  in  a 
grinding  machine.  It  was  formerly  customary  to  finish  them  in 
the  lathe,  but  since  a  four  or  six  cylinder  crankshaft  supported 
only  at  its  ends  is  not  very  stiff,  it  tends  to  spring  away  from 
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the  cutting  tool,  thus  becommg  inaccurate.  In  grinding,  on  the 
other  hand,  the  pressure  of  the  wheel  against  the  work  in  taking 
the  finishing  cut  is  so  light  that  there  is  no  springing  away,  and 
an  almost  absolutely  round  journal  is  produced. 

For  turning  the  crank  pins  the  crank  shaft  must  be  secured 
in  the  lathe  in  such  a  manner  that  the  crank  pin  axis  coincides 
with  the  lathe  centre  axis.  After  the  pins  in  one  angular  position 
have  been  finished  the  crankshaft  must  be  turned  around  so  as 
to  bring  other  crank  pins  into  the  axis  of  the  lathe  centres,  to  be 
machined,  and  the  angular  movement  given  the  crankshaft  must 
be  very  accurately  gauged  in  order  that  the  crank  shaft  may 
be  absolutely  true  and  the  crank  and  piston  motion  properly  bal- 
anced. Moreover,  since  the  centre  of  gravity  of  the  crankshaft, 
when  the  latter  is  so  supported  that  one  of  its  pins  is  in  line  with 
the  lathe  centres,  is  at  a  distance  from  the  centre  line  of  rotation, 
the  lathe  face  plates  <or  crank  clamping  fixtures  must  be  pro- 
vided with  counterweights  to  balance  the  weight  of  the  crank- 
shaft, so  the  lathe  may  be  run  at  high  speed  without  undue 
vibration. 

A  simple  clamping  fixture  for  a  four-cylinder  crankshaft  is 
shown  in  Fig.  116.  The  shaft  is  damped  by  its  outer  journals 
in  the  middle  of  the  clamping 
fixture.  The  latter  is  provided 
with  two  centre  holes  for  the 
lathe  centre,  one  ia  line  with 
each  pair  of  crank  pins.  With 
this  fixture  suitable  weights  for 
balancing  the  weight  of  the 
crankshaft  must  be  clamped  to 
the  face  plate,  and  spacers 
must  be  placed  between  crank 
arms  to  prevent  their  being 
forced  together  under  the  pres- 
sure of  the  lathe  centres. 

A  crankshaft  turning  lathe  is 
illustrated  in  Fig.  117.  The 
crankshaft  is  clamped  in  clamp- 
ing fixtures  by  means  of  swing- 
ing caps,  and  is  held  in  the  proper  angular  position  by  a 
sliding  Vee  carried  on  the  fixture  secured  to  the  head  stock. 
When  one  set  of  pins  has  been  machined,  a  portion  of  the  fix- 
ture can  be  swung  through  a  half  drcle  in  order  to  bring  the 
other  set  of  crank  pins  in  line  with  the  lathe  centre.  The  tool 
at  the  front  of  the  lathe  carriage  is  used  for  turning  the  cylin- 


FiG.  116. — Simple  Crank 
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Fit;,  11&— Crankshaft  Grinding. 


drical  or  parallel  surface  of  the  crank  pins,  while  the  two  tools 
at  the  rear  end  of  the  carriage  are  used  for  turning  the  fillets, 
which  should  always  be  provided  at  the  junction  of  crank  pins 
and  journals  with  crank  arms. 

In  Fig.  118  is  shown  a  portion  of  a  crankshaft  grinding 
machine  with  the  crankshaft  in  place.  The  latter  is  held  at  both 
ends  by  quickly  operated  clamping  holders,  ajid  is  driven  from 
both  ends,  the  head  and  tail  stock  of  the  machine  being  geared 
together.  There  is  an  eccentric  adjustment  of  the  work  carrying 
heads  on  the  face  plates,  by  means  of  which  the  different  throws 
can  be  brought  into  line  with  the  spindle  centre,  and  in  this 
particular  machine  the  setting  is  indicated  by  either  English  or 
metric  scales.  For  multiple  throw  shafts  the  pins  are  ground  in 
their  exact  position  relative  to  each  other,  being  located  by  in- 
dexing fixtures  on  the  heads  which  have  twelve  30  degree  divi- 
sions, which  give  all  the  regular  throw  angles. 

Hollow  Crankshafts— In  a  number  of  motors  the  crank 
bearings  are  lubricated  by  feeding  oil  through  the  centre  of  the 
crankshaft,  and  the  latter  must  then  be  drilled  through  the  crank 
journals,  arms  and  pins,  and  the  ends  of  the  drill  holes  plugged 
A  typical  shaft  of  this  kind  is  the  Marmon,  illustrated  in  Fig. 
IIQ.      The  oil   enters  the   channel  in   the   crankshaft   through 
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radial  holes  drilled  half  way  through  the  outer  jonmali,  which 
register  once  during  every  revolution  with  holes  in  the  crank 
bushings  and  bearing  hubs,  to  which  oil  is  being  fed  by  a  pump. 
The  oil  travels  through  the  horiiontal  passage  in  the  crank  jour- 
nals under  the  head  produced  by  the  oil  pump,  and  is  carried  out 
into  the  crank  pins  by  centrifugal  force.  The  crank  pins  are  also 
drilled  with  radial  holes  at  their  middle,  through  which  the  oil 
flows  to  the  tiearing  surface.  A  few  makers  take  advantage  of 
the  centrifugal  force  to  feed  oil  from  the  crank  pin  to  the  piston 
pin  bearing  by  connecting  the  lower  connecting  rod  bearing  with 
the  upper  by  means  of  a  tube  running  either  through  or  along- 
side of  the  connecting  rod.  Some  designers  object  to  drilling  of 
the  shaft  as  here  shown  because  the  radial  hole  at  the  centre  of 
the  crank  pin  materially  reduces  the  strength  of  the  shafL  This 
objection  is  overcome  by  drilling  diagonal  holes  through  the 
crank  arms  from  the  jourml  to  the  crank  pin,  as  shown  in 
Fig.  12a 


FlC.   120.— CXANKSHATT  DUUJD  DIAGONALLY. 


Ball  Bearing  Crankaliaftf— Although  the  gttzt  majority  of 
crankshafts  are  provided  with  plain  or  parallel  journal  bear- 
ings, the  so-called  radial  type  of  ball  bearing  has  been  used 
to  some  extent — especially  in  racing  engines.  Perhaps  the  prin- 
cipal advantage  of  the  radial  ball  bearing  for  this  purpose  is 
that  it  permits  of  reducing  the  over-all  length  of  the  motor,  and 
since  this  is  one  of  the  main  objects  aimed  at  in  tn  bloc  cylinder 
construction,  and  the  use  of  four  throw,  two  bearing  crankshafts, 
the  ball  bearing  falls  right  in  line  with  this  class  of  design.  One 
further  advantage  of  ball  hearings  on  crank  shafts  is  that  they 
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reduce  the  friction  loss.  Of  course,  ball  l^'.aiings  are  not  at  the 
same  advantage  in  a  place  where  the  *oad  varies  between  wide 
limits  as  where  it  is  fairly  uniform,  and  bearings  of  relatively 
large  size  must  be  chosen  in  order  to  secure  satisfactory  results. 

In  applying  ball  bearings  to  crankshafts  which  have  journals 
between  throws,  some  difficulty  is  encountered  in  getting  the  in- 
termediate bearings  into  place.  In  order  to  avoid  this  difficulty 
some  designers  use  ball  bearings  at  the  ends  only,  and  plain 
bearings  in  the  middle.  Where  ball  bearings  are  to  be  applied 
throughout,  the  inner  bearings  must  be  chosen  of  such  a  bore 
that  they  can  be  stripped  over  the  crank  arms.  To  facilitate  this 
process  the  ends  of  the  crank  arms  are  rounded  off  so  that  the 
bore  of  the  bearings  may  be  made  smaller. 

Practically  all  the  radial  ball  bearings  used  in  this  country  are 
imported,  and  are  made  to  metric  measurements.  These  bearings 
come  with  bores  of  the  inner  races  in  5  millimeter  gradations. 
For  a  four  throw,  three  bearing  crankshaft  a  ball  bearing  of  a 
bore  equal  to  the  crank  journal  diameter  will  be  big  enough  for 
the  front  end;  a  bearing  that  can  be  passed  over  the  crank  arms 
will  be  big  enough  for  the  central  journal,  and  a  bearing  of  the 
same  size  as  this  will  do  for  the  rear  or  flywheel  end.  This 
means,  of  course,  that  the  intermediate  and  rear  bearings  have 
to  be  fitted  to  enlargements  of  the  crank  journals  or  to  collars 
surrounding  the  journals,  which  latter,  in  the  case  of  the  inter- 
mediate bearing  at  least,  have  to  be  made  in  halves  in  order  to 
get  them  into  place. 

These  radial  ball  bearings  are  made  in  three  different  weights ; 
that  is,  for  a  certain  bore  of  inner  race  the  bearings  are  made 
with  three  different  sizes  of  balls  and  outer  diameters.  For  the 
flywheel  end,  if  the  flywheel  is  secured  by  a  key  so  the  bearing 
need  not  be  stripped  over  the  crankshaft,  it  is  advantageous  to 
use  the  heavy  type  of  ball  bearing,  in  which  case  the  crank 
journal  need  not  be  enlarged,  or  at  least  not  much,  at  the  bear- 
ing seat. 

Fig.  121  is  an  illustration  of  the  crankshaft  of  a  four-cylinder 
motor,  which  is  mounted  in  three  radial  ball  bearings.  This  is 
a  four-cylinder  motor  of  5fJ  inches  bore  and  5^  inches  stroke. 
The  front  bearing  is  of  the  heavy  type  of  2.56  inches  bore,  while 
the  intermediate  and  rear  bearings  are  of  the  medium  weight 
type,  of  3.15  inches  bore.  The  rated  load  capacity  of  each  of 
these  bearings  is  approximately  5,000  pounds. 

Testing  the  Running  Balance  of  Crankshafts — Fig.  122 
shows  a  machine  for  testing  the  running  balance  of  crankshafts 
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and  other  parts,  made  by  the  Norton  Grinding  Co.,  of  Worcester, 
Mass.  The  crankshaft  is  rotated  by  means  of  an  electric  motor 
secured  to  the  frame  of  the  machine,  while  carried  on  yielding 
supports,  and  if  it  is  not  in  running  balance  it  will  cause  the  sup- 
ports to  vibrate  in  the  horizontal  plane,  the  vibrations  being  indi- 
cated by  means  of  long  indicating  hands. 

Referring  to   the   illustration,   the  machine  consists  of   a   sta- 
tionary   support    with    three    upright,     lengthwise    adjustable 


Fig.  122.— Nohton  Crankshaft  BALANaNo  Machine. 

columns  A  which  carry  vertical  steel  rods  B,  fitted  at  their 
top  end  with  double  pairs  of  rollers  C  each,  on  which  the 
crankshaft  may  rest  The  sIck!  rods  B  are  freely  supported 
at  their  lower  ends  in  brackets  D  with  cup-shaned  recesses, 
and  arc  flexibly  held  near  the  top  ends  by  means  of  rubber 
discs  carried  by  the  upright  columns.  This  aliows  the  top 
ends  of  the  rods  to  move  to  and  fro  under  the  action  of  the 
centrifugal  force  on  any  unbalanced  part  of  the  crankshaft. 

The  crankshaft  is  driven  by  means  of  a  belt  from  a  hori- 
zontal shaft  which  receives  its  motion  from  the  dectric 
motor  through  an  lntermediA*'e  vertical  ^hatt  wim  universal 
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joints,  a  friction  drive  mechanism  and  a  pair  of  helical  gears. 
An  adjustable  scriber  E  is  fixed  to  the  top  of  each  vertical 
column,  and  the  top  of  each  carrying  rod  B  is  connected  to 
a  long  indicator  hand  F  extending  downward  at  the  side  of 
the  column,  so  that  the  vibrations  of  the  rod  are  multiplied 
and  plainly  indicated.  In  the  use  of  the  machine  the  crank- 
shaft is  rotated  at  a  certain  speed  and  the  different  scribers 
are  advanced  until  they  mark  the  shaft;  then  the  scribers 
are  slightly  withdrawn,  the  direction  of  rotation  is  reversed 
and  the  scribers  are  again  advanced  until  they  mark  the 
shaft.  The  part  of  the  shaft  midway  between  the  two  marks, 
circumferentially,  is  too  heavy  and  should  be  lightened.  A 
color  roller  is  furnished  with  the  machine,  by  means  of  which 
color  is  applied  to  the  revolving  journal  to  make  the  scriber 
marks  plainer. 

After  the  crankshaft  has  been  properly  balanced  at  mod- 
erate speed  it  can  be  tested  at  service  speed.  It  is  claimed 
that  the  indicating  means  is  so  sensitive  that  a  proper  balance 
can  be  obtained  by  running  at  low  speed  only,  in  case  the 
crankshaft  is 'not  sufficiently  stiff  to  permit  of  driving  it  at 
Mgh  speed  without  causing  it  to  flex  appreciably. 


CHAPTER  X. 


THE  CONNECTING  ROD. 

The  connecting  rod  is  the  intermediate  member  between  the 
crankshaft  and  the  piston.  It  consists  of  the  rod  proper,  the 
head  or  big  end,  which  forms  a  bearing  for  the  crank  pin;  and 
the  small  end,  which  forms  a  bearing  for  the  piston  pin. 

Materials — Connecting  rods  are  almost  invariably  drop  forged 
from  either  low  carbon  (about  0.3/0%)  or  nickel  steel.  The  for- 
mer may  be  assumed  to  have  a  tensile  strength  of  70,000  pounds 
per  square  inch  and  the  latter  of  90,000  pounds  per  square 
inch.  For  heavier  work  they  are  occasionally  cast  of  steel  or 
manganese  bronze. 

Length  of  Rod — In  determining  the  dimensions  of  the  rod 
proper  we  have  to  consider  first  the  necessary  length,  and,  second, 
the  necessary  cross  section.  In  speaking  of  the  length  of  the 
connecting  rod  the  distance  between  the  centre  of  the  piston  pin 
bearing  and  the  centre  of  the  crank  pin  bearing  is  referred  to. 
This  length  is  generally  expressed  in  terms  of  the  stroke.  In  our 
discussion  of  the  crank  moment  and  of  side  thrust  on  the  cylinder 
wall  we  assumed  different  values  for  the  ratio  between  the  length 
of  the  connecting  rod  and  the  length  of  stroke  ranging  between 
1.75  and  2.5. 

For  a  motor  with  offset  cylinders  and  intended  for  a  purpose 
where  lightness  is  paramount,  the  smaller  ratio  can  be  chosen. 
In  American  pleasure  car  motors  of  the  symmetrical  type  the 
ratio  lies  generally  between  2  and  2.25.  European  designers  not 
infrequently  provide  a  connecting  rod  equal  to  2.5  times  the 
length  of  the  stroke  and  this  ratio  can  be  recommended  for 
commercial  vehicle  motors  in  which  long  life  of  the  motor  is 
more  important  than  low  weight 

A  consideration  that  influences  the  length  of  the  rod  is  that 
it  must  clear  the  bottom  end  of  the  cylinder  bore  when  in  its 
position  of  greatest  angularity.  The  cylinder,  crank  and  con- 
necting rod  are  laid  off  on  the  drawing  board,  as  shown  in  Fig. 
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123,  with  the  connecting  rod  at  right  angles  to  the  crank  arm.  If 
a  certain  length  of  connecting  rod  does  not  clear  properly,  a  longer 
rod  may  be  chosen  and  the  layout  worked  over  again.  Some- 
times when  the  shortest  possible  connecting  rod  is  wanted  the 
bottom  end  of  the  cylinder  is  formed  with  slots  into  which  the 
connecting  rod  swings  at  the  moments  of  its  greatest  angularity. 
Calculation  of  Cross  Section — ^The  connecting  rod  works 
chiefly  under  compression,  and  must  be  treated  as  a  column. 


Fig.  123. 


Fig.  124. 


The  most  accepted  formula  for  the  strength  of  columns  seems 
to  be  Rankine's,  which  is  as  follows : 


P=      S< 


A       I  +  g  ^ 


(82) 


where  P  is  the  total  pressure  on  the  column ;  A,  the  cross  sec- 
tional area  at  the  section  of  maximum  stress;  So,  the  working 
stress ;  P  the  square  of  the  length  of  the  column ;  t^  the  square 
of  the  least  radius  of  gyration  and  q  a  coefficient  depending  upon 
the  condition  of  the  ends  of  the  column  (whether  fixed  or  free) 
and  upon  the  material.  The  square  of  the  least  radius  oi  gyra- 
tion is  found  by  dividing  the  moment  of  inertia  of  the 
section  by  its  area.  The  left  hand  member  of  the  equation  evi- 
dently represents  the  compression  per  unit  of  area  of  the  cross 
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section  of  the  column.    The  term  <7  -—•  in  the  denominator  of 

the  right  hand  member  of  the  equation  takes  account  of  the 
additional  stress  due  to  the  bending  of  a  long  column.  When 
the  length  of  the  column  is  small  in  comparison  with  its  cross 
section  this   factor  is  negligible,  and  the  maximum  stress   is 

simply  —  • 
A 

In  the  discussion  of  columns  with  respect  to  their  strength, 
a  distinction  is  made  between  columns  fixed  at  their  ends  and 
those  free  at  their  ends,  the  latter  being  not  nearly  as  strong 
as  the  former,  if  the  length  is  large  in  comparison  with  the  cross 
section.  Now,  the  connecting  rod  presents  a  case  intermediate 
between  a  column  with  fixed  ends  and  a  column  with  free  ends, 
since  it  is  free  at  its  ends  in  the  plane  of  motion,  and  fixed  that 
its  ends  perpendicular  to  the  plane  of  motion.  The  result  is  that 
if  bending  occurs  in  the  plane  of  motion  it  will  be  as  shown 
on  an  exaggerated  scale  at  A  in  Fig.  124,  the  entire  length  of 
the  rod  tending  to  form  a  simple  curve  concave  to  the  normal 
centre  line  of  the  rod.  If  bending  occurs  at  right  angles  to  the 
plane  of  motion,  the  rod  will  assume  a  shape  similar  to  that 
shown  at  B,  Fig.  124.  The  end  portions  of  the  rod  will  form 
curves  convex  to  the  normal  centre  line,  and  the  centre  portion 
a  curve  concave  to  the  normal  centre  line.  At  the  points  where 
the  convex  and  concave  portions  join  there  is  a  neutral  section 
at  which  there  is  no  bending  stress.  The  distance  between 
these  two  infleolion  points  is  equal  to  one-half  the  total  length 
of  rod,  and  since  the  stress  necessary  to  cause  a  certain  bending 
strain  varies  as  the  square  of  the  length  of  the  curve,  it  follows 
that  the  bending  moment  due  a  certain  pressure  on  the  rod  is 
four  times  as  great  in  the  plane  of  motion  as  normal  to  the 
plane  of  motion. 

In  a  connecting  rod  we  have,  however,  an  additional  moment 
tending  to  cause  the  rod  to  bend  in  the  plane  of  motion  which  is 
not  present  in  a  stationary  column — namely,  the  moment  due  to 
the  transverse  acceleration  of  the  mass  of  the  rod,  or  the  whip- 
ping effect,  as  it  is  generally  called.  But  at  the  instant  when 
the  greatest  pressure  acts  on  the  connecting  rod.  the  lower  end 
of  the  rod  moves  transversely  at  a  uniform  speed,  and  the  trans- 
verse accelerating  force  is  zero. .  This  eJect  may,  therefor^  be 
neglected. 

The  f ormtila  quoted  above,  viz. : 
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may  ht  written 

?+^p5=-^ : <«3^ 

which  shows  that  the  actual  maximum  stress  on  the  fibres  of 
the  rod  is  made  up  of  two  items,  the  first,  -^ »  ^«>n8  ^^^^  ^^  *® 

the  compression  of  the  rod  and  the  second,  q  ^— r ,  being  that  due 

r'  A 

to  the  bending  moments. 

From  a  mass  of  practical  data  at  hand  the  writer  has  calcu*- 

lated  the  proper  values  for  q  and  for  Se  in  equation  (83).    The 

value  of  q  is  0.OC0526,  considering  the  square  of  the  least  radius 

r 


r— Mt^^^t 


I 


1 


i4  «5 


-l^t-i 


T 


-s.dt- 


FlG.  125. 


Fia  126. 


of  gyration  around  the  axis  X'X,  fig.  125,  and  that  of  Sc^  18,000 
in  the  case  of  carbon  drop>  forge  steel  and  22,000  in  the  case  of 
nickel  steel,  both  steels  being  properly  heat-treated. 

Hence  we  may  write 
^+0.000526^^=-  18,000 (84) 

for  carbon' steel  and 

Z  + 0.0005264  4  =22,000 (85) 

A  A  r* 

for  nickel  steeL 

The  section  of  the  connecting  rod  is  generally  of  I  shape  and 

the  flanges  must  be  given  the  usual  draft    The  writer  has  found 

it  convenient,  in  calculating  the  dimensions  of  the  section,  to  base 

the  calculations  on  an  equivalent  section  with  web  and  flanges  of 

miiform  thickness,  that  is,  without  draft     An  analysis  of  the 

sections  in  actual  use  shows  that  the  average  proportions  are  as 

follows:    Calling  the  thickness  of  the  web  and  the  flange  t,  the 

width  of  the  section  is  3St  and  the  height  is  5.7t.    The  height  is 
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therefore,  one  and  one-half  times  the  width.  The  moment  of 
inertia  around  the  axis  x-x  (Fig.  126)  is 

Z2 

and  the  moment  of  inertia  around  the  axis  is  y  —  y  — 

12 

The  area  of  the  section  is 

(3.8/ X  5-7^)  — (3-7^X2. 8/)  =  ii.3/«. 

Since  the  square  of  the  least  radius  of  gyration  around  any  axis 
is  equal  to  the  moment  of  inertia  around  that  axis  divided  by  the 
area  of  the  section,  we  have  for  the  square  of  the  least  radius  of 
gyration  arotmd  x  —  x 

11.3^' 
and  the  square  of  the  least  radius  of  gyration  around  y — y 

11.3^* 
Having  thus  found  expressions  for  A  and  r^  in  terms  of  /,  we 
may  substitute  these  values  in  equations   (S4)   and    (85)    and 
solve  for  i.    Equation  (84)  becomes 

——5  +0.000526      ^      — ^_--=  I8,ooo 
:i«3^  II. 3^'   4.3C4'    . 

4.14  P  /*  +  O.OOOS26  P  f  =  842,076  f* 
/*  —  o.ooooo491  P  /■  =  0.000000000625  P  f 

/*  —  o.ooooo245  P  =/^(o.ooooo245  P)*  +  o.ooooooooo625  P  /" 
- 
'  "^  •W/^o.ooo,ooo,ooo,oo5P*+  0.000,000,000625  P  /*  +  o.doooo245  P 

inches (86) 

This  equation,  which  gives  the  necessary  thickness  of  web 
and  flanges  for  a  section  of  a  carbon  drop  forge  steel  connecting 
rod  of  length  /  and  subjected  to  an  explosion  pressure  P,  is 
rather  inconvenient  to  use  on  account  of  the  big  fractions  in- 
volved, and  for  this  reason  Chart  IH  has .  been  drawn  from 
which  the  proper  value  of  /  for  any  values  of  P  and  /  can  readily 
be  determined.  The  chart  permits  of  finding  the  proper  section 
thickness  for  stresses  between  14,000  and  24,000  pounds  per 
square  inch  and  even  for  stresses  beyond  these  limits  since  stress 
and  load  are  directly  proportional.    After  the  thickness  has  once 
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been  found  the  width  of  the  section  can  be  found  by  multiplying 
the  thickness  by  3.8  and  the  height  by  multiplying  the  thickness 
by  5.7. 

The  section  thus  'calculated  is  to  be  used  at  the  middle  of  the 
length  of  the  rod  where  at  the  moment  of  explosion  the  bending 
stress  is  the  greatest.  It  is  the  usual  custom  to  taper  the  rod, 
letting  the  height  of  the  section  decrease  more  or  less  rapidly 
from  the  head  down  to  the  small  end.    There  is  no  apparent 
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reason  why  this  should  be  done,  since  the  maximum  streas 
occurs  midway  between  the  ends.  The  theoretically  correct 
way  would  be  to  make  the  section  largest  at  the  middle  and 
taper  it  slightly  toward  the  ends,  but  the  gain  would  be  so 
slight  that  it  would  not  pay  for  the  more  complicated  die. 
The  writer  considers  a  straight  rod  of  uniform  section  from 
end  to  end  the  most  practical  form.  But,  as  stated,  the  usual 
practice  is  to  taper  the  rod  from  the  head  end  down  to  the 
smaller  or  top  end. 

The  form  of  cross  section  depicted  in  Fig.  125  and  Chart  III 
corresponds  in  proportions  to  the  mean  of  modem  practice. 
If  it  is  desired  to  use  an  I  section  differently  proportioned,  it 
is,  of  course,  quite  permissible  to  do  so,  but  the  section  modu- 
lus around  either  principal  axis  should  be  at  least  as  great 
as  that  of  the  section  found  from  Chart  III  for  the  particular 
explosion  pressure  P  and  length  of  rod  I. 

Tubular  Connecting  Rods. — ^Where  the  reciprocating  parts 
must  be  of  the  lowest  possible  weight,  as  in  racing  and  other 
high  speed  engines,  the  connecting  rods  are  sometimes  made 
tubular;  that  is,  the  shank  is  forged  of  solid  round  section 
and  then  drilled  out  from  one  end  and  turned  ofF  on  the 
outside.  Being  machined  all  over,  the  section  will  be  more 
nearly  uniform  than  in  a  rough  drop  forging,  and  therefore 
a  somewhat  higher  unit  stress  can  be  allowed.  In  some  rac- 
ing engines  with  tubular  connecting  rods  of  chrome-nickel 
steel,  heat  treated,  the  stress  in  the  connecting  rod  shank 
was  figured  by  the  author  to  be  in  the  neighborhood  of 
36,000  lbs.  p.  sq.  in.  Most  designers  of  racing  engines,  how- 
ever, keep  well  within  this  mark,  and  a  stress  of  24,000  lbs. 
p.  sq.  in.  would  seem  to  be  a  good  average  figure  for  the 
shank  of  a  tubular  connecting  rod  of  heat  treated  alloy  steel. 
The  necessary  diameters  may  then  be  calculated  as  follows: 
Suppose  that  the  internal  diameter  is  to  be  three-quarters  the 
external  diameter.  Then  the  moment  of  inertia  of  the  sec* 
tion 

^^  ID' -CUD)'}   ^  0.0336  D'. 
64 
and  the  area  of  the  section 

a  =^(^D*  —  jg-^")  =  0.344  D\ 

Reocd  t!te  square  of  the  least  radius  of  gyration 

/         0.0335  p  * 

Inserting  in  equation  (83) 
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0.34^  i>'+  ^-^^^52^  mTDT  >^  0.0974  D«  =  ^4,000 

0.0974  P  D  •  +  0.000526  P  P  =  804  D  * 

D  *  —  0.000121  P  D  •  =  0.000000654  P  I  • 

I>  •  —  0.0000605  P  = 


(0.0000605  Py  +  0.000000654  P  2> 


^"V^ 


0000605  P)'  +  0.000000654  P  P  +  0.0000605  P 


-jj 


\16.55o/ 


,        P  g 

'       1    CQA  AAA     r 


.16.550  y   ^  1,530,000  "'"  16,550 
As  an  example  let  ub  take  the  case  of  a  3%  z  6^-incli  racing 
engine.     The  piston  head  area  is  11.045  sq.  in.,  and  if  we 
figure  on  a  maximum  explosion  pressure  of  400  lbs.  p.  sq. 
in.,  the  pressure  on  the  piston  is 

P  =  4,418  lU. 
Supposing  the  connecting  rod  to  be  14  inches  long  between 
centres  we  get  for  the  necessary  outside  diameter  of  the 
shank 


""-"Jyliii 


,418  ,       4,418  X  196  .     4,418 
;550     +      1,530,000    +  J6;550  ===  ^-"^^  ^^'^' 
The  Inside  diameter  should  be  three-fourths  of  this,  or 

%   X  1.032  =  0.774  inch. 
Round  figures  approximating  the  calculated  values  can  then 
be  chosen.    A  design  of  tubular  rod  is  shown  in  Fig.  135 
farther  on. 

Whipping  Effect — ^It  is  of  interest  to  investigate  the  "whip- 
ping effect"  in  a  connecting  rod,  which  has  evidently  a  con- 
siderable influence  on  the  stress  in  the  rod  when  the  piston  is 
near  mid-stroke.  In  Fig.  127,  let  A  represent  the  momentary 
position  of  the  crank  pin  axis  and  B  O  the  linear  speed  of  the 
crank  pin.  If  we  call  the  number  of  revolutions  per  minute  N^ 
then  the  linear  speed  is 

— -  feet  per  second. 

30  X  12 

The  linear  speed  can  be  resolved  into  two  components,  the 

vertical  component  O  B  and  the  transverse  component  O.  O, 

It  is  the  latter  component  that  interests  us  here.    But 

O  0  =  B  O  COB  B  0>p  =  B  O  COB  B  O  A, 

because  O  A  is  perpendicular  to  B  O  and  O  B  perpendicular  tc 

O  Of  hence  angles  BOO  and  B  0  A  are  identical.   Substituting 
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the  value  of  O  C  and  denoting  angle  B  O  Ahy  0  slb  in  former 
dlBCussions,  we  have  for  the  transverse  component  of  the  crank 
pin  velocity 


wrjf 
360 


COi^. 


To  find  the  transverse  acceleration  we   differentiate  this  ex« 
pression  with  respect  to  time,  which  gives 

li:— !^l^^in^^. 
dt  360  d^ 

But 

dB      xA^, 
dt^  30 
hence 

acceleration  =  J  ^  ^  sin  9  feet  per  second  per  second. 

xo,8oo 

Now,  it  is  only  the  shank  portion  of  the  rod  that  causes  a 

whipping  effect,  since  the 
^  two  hubs  are  symmetri- 

cal around  their  journals 
and  therefore  balance 
around  the  supports,  as 
it  were.  But  we  will  not 
be  far  wrong  in  assum- 
ing that  the  rod  extends 
from  centre  to  centre  of 
bearings.  This  will  give 
Fig.  127.  a    result    slightly    too' 

large,  so  any  calculation 

of  dimensions  based  upon  it  will  be  on  the  safe  side. 
The  above  expression  for  the  acceleration  attains  its  maximum 

values    when    ^    is    qo    degrees  and   270  degrees,  when    sin 

9  is  equal  to  x  and  —  i,  respectively.    The  maximum  values  of 

the  transverse  acceleration  are  therefore 


10,800 
This  is  the  maximum  transverse  acceleration  of  the  lowest 
point  of  the  connecting  rod.  The  uppermost  point  of  the  rod  has 
no  transverse  motion,  and  consequently  no  transverse  acceleration. 
The  maximum  transverse  acceleration  of  any  intermediate  point 
at  a  distance  x  from  the  upper  end  is 

X 
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where  /  is  the  centre  to  centre  length  of  the  rod  and  am  the 
maximum  transverse  acceleration  of  the  lower  end.  Let  s  repre- 
sent the  cross  sectional  area  of  the  rod,  which  we  will  consider 
to  be  constant  from  end  to  end.  Then  the  weight  of  a  small 
section  d  X  of  the  rod  is 

W  -0.26  s  d  X  pounds, 
and  the  acceleration  force  on  it  is 


o.26sdxX^'JL!^ 
/    io,8oQ  ^- 

32.  z6 

A^*rsxdx 

135.320/ 

Integrating  between  the  limits  x^o  and  jtb/,  we  have  for  the 

total  force  of  acceleration 

270.640 


■  •.ullllll 


'    ' 


-i 


Ri-iBffLNk 


UTLbs. 

Fig.  128. 


In  applying  this  for- 
mula to  a  practical  case 
it  is  well  to  give  N  the 
value  corresponding  to 
the  extreme  racing  speed. 

^This     for     a     moderate   R-bubs. 
speed    4x5    inch    motor 
may  be  assumed   to  be 
2,400    r.    p.    m.      From 

«  Chart  III  and  the  equa- 
tion for  the  area  oi  the 

cross  section  we  find  that  if  we  figure  on  the  relatively  low  stress 
of  13,000  lbs.  p.  sq.  in.,  the  proper  area  for  a  rod  10  inches  long 
and  supporting  and  explosive  force  of  3,500  pounds  is  0.35  square 
inch.  The  value  of  r  is  2.5  inches  and  that  of  /,  10  inches.  Hence 
we  have  for  the  force  of  transverse  acceleration  on  the  rod 

2.400  X  2.400  X  2.5  XopyX  10^  X87 pounds. 
270,640 

When  considered  with  respect  to  this  force  the  rod  obviously 
constitutes  a  simple  beam  subjected  to  a  non-uniformly  distributed 
load.  The  sum  of  the  reactions  at  the  supports  is  equal  to  the 
total  pressure,  viz.,  187  pounds.  Besides,  the  two  reactions  will 
bear  to  each  other  the  same  relation  as  if  the  rod  was  subjected 
to  a  concentrated  load  at  the  centre  of  grravity  of  the  distributed 
load.     In  Fig.  128  the  distributed  load  is  represented  by  down- 
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«rardly  pointed  arrows  bearing  against  the  base  line  which  rep- 
resents the  length  of  the  connecting  rod.  This  distributed  load 
can  be  balanced  by  a  concentrated  load  of  187'  pounds  ap- 
plied at  a  point  one-third  the  length  of  the  connecting  rod  from 
the  lower  end,  since  the  distributed  load  is  represented  by  a 
triangle,  and  the  centre  of  gravity  of  a  triangle  is  at  one-third 
its  height  from  the  base  line.  But  a  reaction  of  187  pounds  at 
one-third  the  connecting  rod  length  from  the  lower  end  is  easily 
resolved  into  reactions  of  125  pounds  at  the  lower  end,  and  62 
pounds  at  the  upper  end  of  the  rod,  as  shown  in  the  figure. 

We  must  now  find  the  maximum  bending  moment  on  the  rod 
due  to  this  distributed  force  of  acceleration.  Referring  to  Fig. 
129,  assume  any  point  at  a  distance  x  from  the  upper  support 
The  bending  moment  at  this  point  is  equal  to  the  moment  of  the 
reaction  at  the  left  hand  support  around  the  point,  minus  the 
moment  of  that  part  of  the  distributed  force  to  the  left  of 
this- point,  around  the  point  The  moment  of  the  reaction  at  the 
left  hand  support  is  evidently  equal  to  62jr.  In  order  to  find 
t'le  moment  of  that  portion  of  the  distributed  force  to  the  left 
of  the  point,  we  take  a  section  dy  to  the  left  of  the  point  jr. 
Since  the  total  length  of  the  rod  is  10  inches  the  average  pressure 
on  it  is  187-1-10=18.7  pounds  per  inch  in  length,  and  the  maxi- 
mum is  twice  this,  or  37.4  pounds  per  inch.    The  pressure  at  a 

distance  y  from  the  left  hand  support  is  ^^  y  pounds  per  inch  in 

10 

length,  and  the  pressure  on  a  short  length  dy  at  that  distance 
from  the  left  support  is 

37.4X^rfy=3.74>'*'. 
10 


Fig.  129. 
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The  moment  of  this  force  around  a  point  at  a  distance  x  from 
the  left  hand  support  is 

374  (^ydy—y^dy) 
Integrating  between  the  limits  y='0  and  y-x  vrt  get  the  expres- 
sion 

a  3 

Hence  the  bending  moment  around  a  point  at  a  distance  x  from 

the  left  hand  support  is 

3f  =  62  X  —  0.62   JT*. 

In  order  to  find  the  point  where  the  bending  moment  is  a 
maximum  we  place  the  first  differential  coefficient  of  the  ex- 
pression equal  to  zero^ 

62  — 3Xa62jr*=o^ 
from  which  we  find 

x  =  S'77  inches. 
Inserting  this  value  of  jt  in  the  equation  for  the  bending  moment 
we  have 

3f  =  (62  X  5.77)  —  (0.62  X  577*)  =  238.6  pounds-inches. 
From  Chart  III  we  find  the  thickness  ^  of  a  section  proper  for 
a  connecting  rod  10  inches  long  and  subjected  to  an  explosion 
pressure  of  3,500  pounds  if  the  stress  is  to  be  13,000  lbs.  p.  sq.  in. 
to  be  0.185  inch,  and  since  the  moment  of  inertia  around  the  prin- 
cipal axis  perpendicular  to  the  plane  of  motion  is 

its  value  in  this  case  is 

46.8  X  0.18s* »  0.052. 
The  distance  c  of  the  outermost  fibre  from  the  neutral  section  x% 


2 
Hence,  since  the  stress 


5J2<J2:iL5«o.527i>^A. 


I 


^g  238.6  X  0.527  ^a.400/<wnd:r 
0.052 

per  square  inch,  approximately. 

This  stress  must,  of  course,  be  added  to  that  due  to  the  com- 
pression on  the  rod.  When  the  crank  during  the  power  stroke 
is  in  the  quarter  -position  the  piston  is  2.8  inches  from  the  top  • 
end  of  the  stroke  (see  Fig.  13)  •  and  the  gas  pressure  in  the 
cylinder  then  is  65  pounds  per  square  inch  (see  Fig.  15).  Th;: 
total  pressure  on  the  4-inch  piston  then  is 
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12.56x65 'Sifipoundf. 
Owing  to  Ihe  angularity  of  the  connecting  rod  the  pressure  along 
the  rod  is  greater  in  the  proportion 


1:031^616=841  pounds. 

The  crosj  sectional  area  of  the  rod  we  found  to  be  equal  to 

a35  square  inch,  hence  the  unit  stress  due  to  the  compression  is* 

hL  =  3,400  founds  prr  tguare  inch  aftroximtU^y. 

0.35 
The  combined  stress,  therefore,  is 

3,400  +  3,400  =  4,800  pounds  ptr  square  inch 
which  is  very  low  compared  with  the  I3floo  pounds  per  square 
inch  to  which  the  rod  is  subjected  at  the  moment  of  explosioa 
This  calculation  shows  that  with  steel  I  section  connecting  rods 
there  is  absolutely  no  danger  from  the  whining  effect,  even  at 
the  very  highest  speeds. 

Piston  Pin  Bearing— The  upper  end  of  the  connecting  rod 
generally  Is  a  plain  hub  bored  out  to  receive  the  bearii^  bushing, 
The  outer  end  of  the  huh  can  be  made  equal  in  diameter  to  the 
piston  bosses,  or  1.5  times  the  diameter  of  the  piston  pin,  the 
bushing  being  made  of  a  thickness  equal  to  one-eighth  the  piston 
pin  diameter  and  the  wall  of  the  hub  at  the  outer  end  the  sam& 
The  hub  is  generally  made  one-eighth  of  an  inch  shorter  than 
the  distance  between  the 


— aob 


the  bushing,  so  that  the  oil  ( 


piston  bosses,  so  there 
will  be  no  difficulty  in 
assembling  even  if  the 
cylinders  should  not  be 
fitted  to  the  crank  case 
with  absolute  accuracy. 
If  splash  lubrication  is 
used  the  bearing  hub  is 
provided  with  a  sort  of 
oil  pocket  to  catch  the 
oil  which  drips  from  the 
piston  head,  one  or 
two  holes  being  drilled 
through  the  bottom  of 
the  pocket  and  through 
w   to  the  bearing  surface. 
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Fig.  131. 


Fig.  132. 


In  order  that  the  bushing  may  not  turn  in  the  hub,  and  thus 
the  oil  holes  through  the  latter  be  closed  up,  it  must  be  se- 
cured by  a  screw  or  pin.  When  the  piston  pins  are  lubricated 
by  means  of  an  oil  tube  leading  up  from  the  connecting  rod  head 
or  through  their  bore,  this  oil  pocket  can  be  dispensed  with.  A 
typical  design  of  connecting  rod  small  end  is  shown  in  Fig.  130. 
The  bushing  is  generally  made  of  phosphor  bronze,  though 
sometimes  it  is  made  of  steel  and  hardened,  in  which  case  the 
wearing  surfaces  are  hardened  steel  on  hardened  steel.  It  is 
forced  into  the  bearing  hub  under  pressure.  Sometimes  the 
piston  pin  bearing  hub  is  provided  with  a  lug  and  split,  and  a 
st'td  fitted  with  a  nut  and  check  nut  is  inserted,  by  means  of 
which  the  bearing  can  be  adjusted  for  wear  (see  Fig.  131). 

Connecting  Rod  Head — ^The  connecting  rod  head  is  made  in 
halves,  with  a  detachable  cap  and  half  bushings,  so  that  the  bear- 
ing can  be  adjusted  for  wear.  In  engines  which  have  large  in- 
spection holes  in  the  crank  case  the  cap  is  sometimes  hinged  to 
the  rod.  A  typical  rod  of  this  type,  which  has  been  used  particu- 
larly on  single  and  double  cylinder  motors,  is  illustrated  in  Fig. 
132.  The  advantage  of  the  hinged  cap  is  that  it  can  be  more 
readily  adjusted  than  a  cap  held  on  by  two  or  four  studs,  it  being 
only  necessary  to  adjust  a  single  screw.  On  the  other  hand,  it 
seems  that  a  bearing  cannot  be  adjusted  as  accurately  if  pro- 
vided with  a  hinged  cap  as  if  provided  with  a  stud-retained  cap. 
The  hinged  bearing  is  divided  in  a  plane  making  an  angle  of  25 
to  45  degrees  with  the  cross  section  of  the  rod,  to  make*  the 
clamp  bolt  more  accessible  through  the  handholc  in  the  side  of 
the  crank  case. 

When  the  connecting  rods  are  drop  forged  the  heads  are  forged 
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int^ral,  and  are  later  split  by  means  of  a  saw  so  as  to  detach  the 
caps.  This  facilitates  the  operation  of  boring  out  the  heads.  The 
heads  are  given  the  usual  drop  forging  draft  on  the  outside  and 
are  provided  with  bosses  for  the  studs  or  bolts.  Shims  of  thin 
sheet  copper  are  placed  between  the  connecting  rod  head  and  cap 
for  purposes  of  adjustment. 

The  length  and  diameter  of  the  conecting  rod  head  bore  are 
fixed  by  the  dimensions  of  the  crank  pin  and  need  not  be  dis* 
cussed  further.  The  thitkness  of  the  bushing  can  be  made  d/io, 
where  d  is  the  crank  pin  diameter,  and  the  thickness  of  the  hub 
wall  at  the  outer  ends  the  same,  choosing  the  nearest  size  in 
thirty-seconds  of  an  inch. 

A  numbtr  of  designs  of  connecting  rod  heads  are  shown  in 
Fig.  133.  In  the  first  of  these,  A,  the  cap  is  secured  by  two 
bolts  with  round  heads,  part  of  which  is  cut  away  so  as  to  pre- 
vent the  bolts  from  turning  when  the  nuts  are  drawn  up.  The 
latter  are  secured  in  place  by  split  pins. '  Design  B  is  similar,  ex- 
cept that  cap  screws  are  used  instead  of  bolts  and  nuts.  T^ese 
cap  screws  must  be  locked  by  some  means,  <as  by  a  wire  passed 
through  the  heads  of  both  screws  with  its  ends  turned  over,  or 
by  a  brass  strip  under  the  heads,  provided  with  lips  at  its  ends 
which  are  turned  up  against  the  faces  of  the  screw  heads,  thus 
holding  it  from  rotating.    The  feature  of  the  design  shown  at  C 
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is  that  the  lugs  for  the  cap  bolts  are  lightened  by  removing  some 
of  the  material  by  means  of  a  milling  cutter  after  the  holes  for 
the  bolts  have  been  drilled.  At  D  is  shown  the  so-called  marine 
type  of  connecting  rod  head.  In  this  design  the  rod  proper  is 
forged  or  cast  with  a  T  head,  which  is  milled  off  to  be  fitted  to 
the  bronze  crank  pin  box,  which  is  cast  in  halves.  This  design 
is  little  used  in  automobile  motors,  but  is  extensively  employed 
on  marine  motors,  the  rod  being  hand  forged. 

lu  the  head  shown  at  E  the  cap  is  made  of  less  width  than  the 
other  half,  the  idea  being  that  weight  can  be  saved  in  this  way, 
since  under  ordinary  conditions  of  operation  the  maximum 
pressure  on  the  cap  is  much  less  than  on  the  other  half  of  the 
head  It  is  to  be  understood  that  the  half  bushing  in  the  cap  is 
also  shorter  than  the  other  one.  The  same  idea  underlies  aesign 
F,  in  which  a  portion  at  the  middle  of  the  cap,  between  the  two 
sets  of  lugs,  is  cut  away.    Designs  A,  B  and  C  are  commonly 

used  in  automobile  practice,  while  D,  E  and  F  are  rare. 

(Jrank  Pin  Bearings — ^The  bushings  for  the  connecting  rod 
head  are  made  in  halves.  They  are  cast  in  metal  dies  of  some 
soft  bearing  or  anti-friction  metal  (babbitt  or  white  bronze).  A 
softer  metal  is  employed  than  for  the  piston  pin  bushing,  because 

the  unit  pressure  on  the  crank  pin  bearing  is  much  smaller, 'and, 
besides,  in  the  case  of  the  crank  pin  it  is  essential  that  the  wear 
be  confined  to  the  bushing  as  far  as  possible,  because  the  renewal 
of  a  crankshaft  means  great  expense,  whereas  a  piston  pin  can 
be  replaced  cheaply.  The  bushings  are  often  cast  with  integral 
pins  or  dowels  which  fit  into  drill  holes  on  the  inside  of  the  con- 
necting rod  head,  and  are  cast  or  cut  with  oil  holes  and  with  oil 
grooves,  the  latter  usually  of  spider-foot  form.  Instead  of  spider- 
foot  grooves,  some  manufacturers  cut  intersecting  longitudinal 
and  circumferential  grooves  in  the  head.  At  the  ends  the  bush* 
ings  have  external  flanges  equal  in  width  and  height  to  their 
thickness.    This  subject  is  discussed  further  in  Chapter  XIII. 

Size  of  Studs — Ordinarily  the  connecting  rod  cap  is  held  in 
place  by  either  two  or  four  studs  and  nuts.  The  necessary  diam- 
eter of  these  studs  can  be  calculated  as  follows:  The  greatest 
strain  will  come  upon  the  studs  when  the  piston  starts  on  the 
suction  stroke  while  the  motor  runs  at  "racing"  speed,  say,  3,000 
revolutions  per  minute  in  the  case  of  a  3.5x5  inch  motor.  The 
fnrce  of  acceleration  then  is  (see  page  44) 

3000* 
129.5  X   f^=  3,600  lbs. 

In  the  calculation  of  this  force  only  one-half  the  connecting  rod 
weight  is  taken  into  account,  the  other  half  being  considered  to 


THE  CONNECTING  ROD.  231 

have  a  rotary  motion.  This  half,  however,  is  subjected  to  cen- 
trifugal force,  and  at  the  moment  when  the  inertia  force  on  the 
reciprocating  parts  is  a  maximum  the  centrifugal  force  on  the 
rotating  part  of  the  connecting  rod  is  in  the  same  direction  as 
the  inertia  force,  and  should,  therefore,  be  added  to  it  The 
weight  of  the  connecting  rod  may  be  assumed  to  be  4  pounds,  so 
that  one-half  of  it  is  2  pounds.  The  radius  of  rotation  of  this 
weight  at  the  moment  when  the  crank  is  in  the  top  dead  centre 
position  is  about  3  inches.  Consequently  the  centrifugal  force 
on  this  weight  at  3,000  revolutions  per  minute  would  be  (equation 
31) 


(3,000\ 


1.226  X  2  X    I  -^^T"  I       ^  Tz^  ^'^^^  pounds. 

The  total  force  on  the  cap  bolts,  therefore,  is 

3,600  +  1,532  =  5,132  pounds. 
Figuring  on  a  load  of  22,000  pounds  per  square  inch,  the  neces- 
sary section  of  metal  in  each  of  two  bolts  is 

5,132 

rT7TT;33;=  0.117  square  inch. 
2  X  22,000 

The  size  of  screw  with  S.  A.  E.  thread  whose  cross-section 
at  the  bottom  of  the  thread  is  nearest  to  this  is  A  inch.  In 
case  four  bolts  or  studs  are  to  be  used,  each  must  have  a  section 
of  0.058  square  inch  at  the  bottom  of  the  thread.  A  A  inch 
screw  with  S.  A.  E.  thread  has  nearly  this  section,  but  a 
H  inch  stud  would  probably  be  used  owing  to  the  danger  of 
injuring  the  smaller  thread  by  a  too  powerful  application  of 
the  wrench.  A  good  deal  of  trouble  has  been  experienced  with 
the  connecting  rod  cap  bolts  since  the  high  speed  motor  was  first 
taken  up,  as  the  strains  on  these  bolts  were  not  fully  realized  at 
first  Nickel  steel  bolts  are  now  largely  used  for  this  purpose. 
Four  bolts  evidently  offer  an  advantage  over  two  bolts,  but  their 
use  involves  difRculties  in  construction,  as  it  is  impossible  to 
form  two  separate  lugs  on  each  side  of  a  drop  forged  connecting 
rod  head  except  by  machining. 

Offset  Connecting  Rods — With  the  object  of  producing  a 
motor  of  the  greatest  possible  compactness,  and  yet  providing 
liberal  bearing  surfaces,  many  American  designers  offset  their 
connecting  rods,  as  shown  on  an  exaggerated  scale  in  Fig.  134. 
The  following  consideration  shows  that  nothing  is  gained  by 
tliis  proceeding.  The  resultant  of  the  distributed  pressure  on 
the  piston  pin  bearing  must  be  equaf  to  and  in  line  with  the 
resultant  of  the  pressure  at  the  crank  pin  bearing.    Let  us  con- 


232 


THE  CONNECTING  ROD. 


,.  :.  ' 


s 


's- 


i—i 


m 


.1 


R» 


sider  the  two  hearings 
equally  offset  from  the 
rod  in  opposite  directions. 
Then  the  resultants  of  the 
pressures  at  the  hearing 
surfaces  will  he  repre- 
sented hy/?.  These  forces, 
it  will  he  noted,  are  to 
one  side  of  the  centres  of 
the  hearings,  and  we  found 
in  the  discussion  of  the 
side  thrust  of  pistons  that 
when  a  bearing  surface 
is  thus  unsyfnmetrically 
loaded  the  pressure  is  un- 
evenly distributed  over 
the  surface.  The  unit 
pressure  at  the  end  far- 
thest away  from  the  point 
where  the  resultant  takes 
effect  is  to  the  unit  pres- 
sure at  the  opposite  end 
as  the  distance  of  the 
nearest  end  from  the  re- 
sultant is  to  the  distance 
of  the  farther  end.  Sup- 
pose, for  instance,  that  in  Fig.  134  the  two  bearings  are  of  equal 
length,  and  that  the  two  "overhanging"  portions  of  the  hearings 
are  equal  to  one-third  the  length  of  the  hearing  each ;  then  the  lo- 
cation of  the  resultant  will  be  one-third  the  length  from  one  end 
of  the  hearing  and  the  unit  pressure  will  be  twice  as  great 
at  the  nearer  end  as  at  the  farther  end.  Calling  the  aver- 
age unit  pressure  p,  the  unit  pressure  at  the  nearer  end  will 

he  4^ .    The  wear  at  the  near  end  will,  of  course,  he  pro- 
3 

portional  to  -^  ,  or  33  per  cent  greater  than  if  the  bearing! 

3 
were  of  the  same  size  and  in  line.     Now,  if  the  overhanging 

portions  were  left  off  the  unit  pressure  would  be  uniform,     ^-^ 

throughout  the  length  of  the  bearing,  or  only  about  13  per  cent, 
greater  than  with  this  big  offset.  In  an  offset  rod  the  bearings 
will  wear  more  rapidly  at  one  end  than  at  the  other,  and  will 
then  subject  the  connecting  rod  to  additional  bending  strain,  and 
cause  side  thrust  on  the  crankshaft  and  cylinder  wall. 


Fig.  134. 
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The  connecting  rod  cap  is  generally  fitted  with  a  "spoon"  or 
quill,  which  dips  into  the  oil  at  the  bottom  of  the  crank  case  once 
during  every  revolution  and  projects  it  over  the  inner  wall  of  the 
crank  case,  cylinder  and  piston  (Fig.  136).  If  no  such  dipper 
were  provided  it  would  be  necessary  to  carry  the  oil  level  at  such 
a  height  that  the  cap  itself  would  dip  into  the  oil,  and  this,  at  high 
motor  speeds,  would  be  sure  to  splurge  the  oil  entirely  too  much, 
causing  the  motor  to  smoke  and  the  oil  to  be  wasted.  When 
it  is  considered  that  the  cylinder  of  a  4x5  inch  motor  requires 
much  less  than  a  drop  of  oil  per  revolution,  it  will  be  realized 
that  the  part  dipping  into  the  oil  can  be  made  very  unalL 
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Fig.    136.— Typical  Design  of  I 
Section  Connecting  Rod. 
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Wben  iplath  lubrication  Is  depended  on  for  the  rod.  two 
BlsntiDK  holes  are  drilled  through  the  top  halt  of  the  head,  as 
shown  In  Pig.  136,  through  which  any  oil  running  down  the 
connecting  rod  sides  may  reach  the  crank  pin  bearing  surface. 

Forked  Connecting  Reds  for  V  Engines. — In  all  V  motors 
the  connecting  rods  of  two  oppositely  located  cylinders  are 
secured  to  the  same  crank  pin.  There' are  three  possible 
arrangements.  Either  the  two  connecting  rod  heads  may  be 
located  on  the  crank  pin  aide  by  side,  or  one  rod  may  be 
forked  and  have  its  bearing  on  the  outside  of  the  other  rod 
which  la  fitted  to  the  crank  pin;  or  one  rod,  known  as  the 
master  rod,  may  baTe  ft  bearing  on  the  cnuk  pin  and  be 


Fig.  137.— Yoked  Connecting  Rods  tor  V  Engines. 

provided  with  a  lug  to  which  another,  shorter  rod  la  pivoted. 
At  present  the  aide-by<slde  arrangement  Is  used  in  the  great- 
est number  ot  models,  though  the  forked  arrangement  also 
enjoys  a  fair  share  of  popularity.  One  objection  to  the  latter 
is  that,  ss  ordinarily  constructed.  It  cannot  be  taken  up  for 
wear.  Undoubtedly  the  weight  of  the  two  connecting  rod 
heads  ani^  hence  the  centrifugal  force  on  tbem  la  greater  than 
where  the  two  heads  are  side  by  side.  The  bearing -bushing 
is  made  in  halves,  and  the  end  of  the  forked  connecting  rod 
is  securely  clamped  to  the  bushing.  The  other  connecting 
rod  has  Its  bearing  on  the  bushing  between  the  two  prongs 
of  the  forked  rod,  as  shown  In  Fig.  137.  It  will  be  readily 
seen  that  if  the  bearing  were  taken  up  on  account  of  wear 
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at  the  crank  pin  surface,  the  outside  of  the  bushing  would  be 
too  small  to  fit  the  bearing  of  the  plain  connecting  rod.  For- 
tunately the  pressures  on  the  individual  connecting  rods  in 
a  V  engine  are  relatively  small,  and  it  is  possible  to  keep 
down  the  unit  pressures  on  the  crankpin  bearing  to  a  low 
figure.  There  is  very  little  wear  on  the  bearing  of  the  plain 
rod,  as  the  bushing  does  not  revolve  in  this  bearing,  but 
merely  rocks  back  and  forth  in  it  through  a  small  angle. 


Fig.  138. 


Manufacture  of  Rods^In  the  machining  of  the  rods  the 
greatest  care  must  be  taken  to  get  the  holes  at  the  two  ends 
parallel  with  each  other.  On  a  rod  of  the  design  herewith  illus- 
trated there  are  five  successive  machining  operations,  and  a  set 
of  jigs  and  fixtures  for  performing  these  operations  was  de- 
scribed by  Robert  G.  Pilkington  in  The  Horseless  Age  of 
November  25,  1908,  whose  drawings  are  herewith  reproduced. 

The  five  successive  operations  are  as  follows: 

1.  Milling  sides  of  ends  (one  fixture). 

2.  Drilling  and  reaming  crank  and  piston  pin  fits  (in  jigs). 

3*  Straddle  milling  bolt  and  nut  surfaces  on  head  (one  fixture). 
4.  Drilling  and  reaming  small  holes  (one  jig). 
S  Cutting  off  cap  (No.  3  fixture). 
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Fig.  138  shows  a  fixture  for  holding  the  rods  while  the  sides  of 
the  ends  are  being  milled  off.  It  is  arranged  to  carrj'  eight  pieces. 
In  filling  the  fixture  the  first  time  after  setting  up,  pieces  are  put 
in  the  odd  numbered  positions  and  a  "dummy"  in  the  even  num- 
bers. The  fixture  is  placed  in  a  milling  machine  with  two  ad- 
justable vertical  spindles,  which  are  set  to  take  o(F  the  required 
amount,  and  a  cut  i«  taken.  Before  reversing  the  feed.  No.  i 
rod  is  turned  over  and  put  in  No.  a  position.  No,  3  in  Na  4,  and 
■o  on.  •  The  hardened  pads  in  the  even  numbered  positions  are 


Fic.  139. 

just  enough  higher  than  those  in  the  odd  nutnbered  ones  to  leave 
the  work  of  the  required  size.  After  clamping  down  and  running 
under  the  cutters  a  second  time  the  rods  on  the  even  numbered 
positions  are  RnJshed.  Odd  numbered  positions  are  again  5lled 
with  rough  work.  All  pins  and  pads  which  locate  the  work  are 
of  hardened  tool  steel.  The  clamps  are  made  to  bear  on  the  web 
of  the  rod,  not  on  the  flanges. 

A  multiple  spindle  drill  of  at  least  tour  spindles  is  required 
for  drilling  and  reaming  the  crank  and  piston  pin  holes.  Fig.  139 
shows  a  box  jig  for  this  purpose.  The  usual  slip  bushings  for 
drill  and  reamer  are  provided  for  each  end.  In  putting  the  work 
into  the  jig  it  is. laid  on  the  lower  bushings  and  the  lid  is  brought 
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down  and  clamped  by  the  cam  hooks,  one  of  which  a  ihown  at 
the  right  The  holding  screws  in  the  lid  are  then  brought  down 
lightly,  followed  by  bringing  up  tight  on  the  locating  screw  at 
the  right  This  forces  the  piston  end  of  the  rod  into  its  V  block 
and  the  crank  end  over  against  the  45  degree  surface  of  its  block. 
The  work-holding  screws  are  then  brought  down  tight 

The  jig  in  Fig.  140  locates  two  holes  for  the  cap  bolts,  an  tal 
hole  in  each  end  and  four  dowel  holes  for  the  babbitt  liners. 
The  large  locating  pins  are  made  hoUow,  wnicb  makes  it  very 
easy  to  clean  all  chips  and  lubricant  from  the  jig  with  the  air  jet 
The  two  upper  dowel  holes  in  the  head  are  located  positively  by 
the  holes  in  the  locating  pin  servinii  instead  of  drill  busbingi. 


238  THE  CONNECTING  ROD. 

The  holding  screw  with  the  T  head  swings  on  the  pivot  indi- 
cated by  the  nut,  and  allows  the  work  to  be  lifted  out 
The  fixture  shown  in  Fig.  141  serves  to  hold  the  rods  for 

operations  3  and  s  None  of  the  pressure  of  the  cut  is  intended 
to  be  taken  by  the  spring  pressed  live  centre^  the  side  pressure 
being  neutralized  by  the  use  of  opposing  cutters.  In  setting  up 
the  work  four  pieces  are  placed  on  the  arbor,  the  cap  is  put  on 
the  end  and  the  key  dropped  in  place.  After  placing  on  the  cen- 
tres the  locating  pin  is  pushed  through  the  lower  ends  and  the 
key  in  the  arbor  cap  is  tapped  in  place,  clamping  the  work  firmly. 
Exactly  the  same  procedure  is  carried  on  in  the  fifth  operation, 
Trith  the  di£Ference  that  thin  slitting  cutters  are  used 
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VALVES  AND  VALVE  GEARS. 


The  modern  standard  automobile  motor  works  on  the  four 
cycle  principle,  as  explained  in  the  chapter  on  "The  Otto  Cyde,** 
and  is  fitted  with  mechanically  operated  poppet  valves  for  both 
the  inlet  and  the  exhaust  A  poppet  valve  consists  of  a  disc  of 
metal,  with  a  stem  on  one  side  coaxial  with  the  disc,  which 
closes  a  circular  opening  in  a  partition  wall  between  two  cham- 
bers, against  which  wall  it  is  drawn  by  a  spring.  To  open  the 
valve  a  force  has  to  be  applied  to  it  contrary  to  the  direction 

of  spring  pressure,  strong  enough  to 
overcome  the  spring.  Formerly  the  in- 
let valves  were  generally  actuated  by 
the  suction  prevailing  in  the  cylinder 
during  the  inlet  stroke,  such  valves  be- 
ing called  automatic  or  suction  valves. 
A  typical  valve  of  this  kind  with  its 
cage  is  illustrated  in  Fig.  142.  It  will 
be  understood  that,  since  the  valve  opens 

toward  the  cylinder,  when  the  piston 

Fig.  142.— Automatic    moves  down  on  the  inlet  stroke  and  the 

Inlbt    Valve    With   pressure  in  the  cylinder  drops  below  at- 

Cage.  mospheric,  the  excess  pressure  of  the 

atmosphere  against  the  outer  face  ^  of 
the  valve  head  overcomes  the  pressure  of  the  light  valve  spring, 
and  the  valve  opens.  Toward  the  end  of  the  inlet  stroke  the 
excess  pressure  of  the  atmosphere  diminishes  and  the  spring  then 
closes  the  valve. 

Since  automatic  inlet  valves  are  no  longer  used  on  automobile 
motors,  except  in  rare  instances,  it  is  not  necessary  to  go  ex- 
tensively into  their  theory,  but  it  may  be  well  to  point  out  some 
of  the  disadvantages  which  led  to  their  abandonment  in  favor 
of  mechanically  operated  valves.  When  the  motor  is  pulled 
down  in  speed  by  a  heavy  load  the  automatic  valve  will  dose  as 
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soon  as  the  suction  force  decreases  to  the  point  where  it  is 
equaled  by  the  force  of  the  valve  spring;  that  is,  before  the  end 
of  the  suction  stroke,  and  the  cylinder  receives 'an  incomplete 
charge.  The  valve  will  not  remain  open  under  less  than  a  cer- 
tain suction,  and  the  motor,  therefore,  cannot  be  throttled  down 
as  much  as  a  motor  with  mechanically  operated  valves.  In 
other  words,  it  is  less  flexible.  The  automatic  inlet  valve  has  a 
tendency  to  stick  to  its  seat,  owing  to  the  gumming  effect  of  the 
gasoline,  and  to  produce  noise  by  "fluttering"  and  by  "wire- 
drawing" the  charge. 

Angle  of  Seat — ^The  poppet  valve  consists  of  two  parts,  the 
head  and  the  stem.  That  portion  of  the  head  which  when  the 
valve  is  closed  rests  on  a  machined  portion  of  the  cylinder  cast- 
ing is  known  as  the  seat  This  surface  usually  forms  a  truncated 
cone  whose  generatrices  make  an  angle  of  45  degrees  with  the 
plane  of  the  valve  head.  Sometimes,  however,  the  valve  seat  is 
a  plane  surface  perpendicular  to  the  valve  axis,  and,  again,  the 
seat  is  a  truncated  conical  surface  of  less  than  45  degrees  in- 
clination. Flat  seated  valves  are  used  by  the  Daimler  Motor 
Company,  of  Cannstadt,  Germany,  in  their  Mercedes  motors,  by 
the  Knox  Automobile  Company,  of  Springfield^  Mass.,  and 
by  a  few  others,  but  the  great  majority  of  makers  use  45  degree 
conical  valves.  The  advantage  of  the  flat  seated  valve  is  that  for 
a  certain  area  of  opening  at  the  seat  it  does  not  need  to  be  lifted 
as  high  as  a  conical  valve.'  It  can,  therefore,  attain  its  maxi- 
mum opening  quicker  and  retain  it  longer,  and  since  the  amount 
of  travel  in  closing  is  less,  it  should  operate  more  quietly.  The 
conical  valve,  on  the  other  hand,  has  the  advantage  that  it  is  self- 
centering.  The  two  types  are  shown  in  Figs.  143  and  144, 
respectively. 

In  Fig.  143  let  d  (  =  B  B*)  be  the  clear  diameter  of  the  valve  or 

the  diameter  of  the  bore  of  the  valve  scat,  and  h  (-BD)  be  the 
lift.  Also,  let  (f  be  the  angle  of  the  valve  seat  It  is  required 
to  find  the  effective  area  of  opening  corresponding  to  any  lift 
A.  Referring  to  the  figure,  the  minimum  area  of  cross-section  is 
evidently  a  truncated  conical  surface,  of  which  B  C  1$  9k  genera- 
trix.   Now, 

BC^BD  cos  CBD=^hcoB$, 

Also 

C£  =  BCcosBCJSmB 
BCsmCBE^ 
h  cos  6  sin  tf« 
Hence  the  diameter  CC  is 
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Fig.  143.  Fic.  144. 

The  area  of  the  truncated  conical  surface  is 

2 

9(d hcoB0+  h* cos^ 0ainff). (87) 

In  case  ^=45  degrees  the  expression  for  the  area  becomes 

^ -If  (0.707 <^  A +  0.353  A*)  (88) 

It  will  readily  be  seen  by  reference  to  Fig.  144  that  in  the  case 

of  a  flat  seated  valve  the  area  of  opening  is  vd  h.    Hence,  calling 
the  lift  of  the  fls^t  valve  hi  and  that  of  the  45  degree  valve  fh 
the  two  lifts  must  be  so  related  that 

0. 707  rf A45  +  0.353  **45  =  <'^t. 

from  which  it  follows  that 

Aj  =  0.707  *«  +  o.353^^ 

If  the  lift  of  the  45  degree  valve  is  one-fifth  the  dear  diameter, 
then 

AfBS  0.778  A|B 

or  rotighly  four-fifths  of  /ks. 

It  would  be  desirable  in  one  respect  to  have  the  passage  around 
the  valve  when  fully  lifted  about  equal  to  the  area  of  the  valve 
port  The  full  area  of  the  valve  port  is  0.7854  tP,  but  the  stem 
wHl  reduce  this  to  0.74  d*.   Hence 

3.14  (0.707  i  A  +  0.3S3  A*)  =H).74  f» 
2.22  JA+i.ii  A*=o.74  (P, 
which  when  solved  gives 

In  practice,  however,  the  lift  is  always  made  less  than  this, 
owing  to  the  difficulty  of  making  the  valve  action  sufficiently  quiet 
with  high  lifts.  There  is  also  a  noticeable  tendency  to  make  the 
lift  of  small  valves  proportionately  greater  than  that  of  large 
valves.    A  good  rule  is  to  make  the  lift 


A  ■=  -  -r  Ji  inch  . . . 


(89) 
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Material  of  Valves— The  heads  of  the  valves  are  subjected 
to  the  high  temperature  of  the  burning  gases,  and  it  is  essential 
that  they  should  not  warp  under  the  influence  of  the  heat,  and 
that  their  seats  should  not  bum  or  oxidize,  as  in  either  case  they 
will  become  leaky.  Pure  nickel  is  sometimes  used  on  account  of 
its  non-oxidizing  qualities.  A  more  common  material  for  valve 
heads  is  high  percentage  (30-36  per  cent)  nickel  steel,  which  has 
an  exceedingly  low  co-efficient  of  heat  expansion,  hence  does  not 
warp.  Recently  tungsten  steel  (high  speed  tool  steel)  has  come 
into  extensive  use,  and  valves  of  it  are  said  to  be  non-pitting, 
because  of  their  extreme  hardness.  The  stems  of  the  valves  are 
preferably  made  of  carbon  steel,  which  is  harder  than  the  high 
percentage  nickel  steel,  and  therefore  stands  the  shocks  better,  and 
it  is  also  considerably  cheaper.  Poppet  valves  with  high  per- 
centage nickel  steel  heads  electrically  welded  to  carbon  steel 
stems  are  at  present  very  widely  used.  Valves  with  cast  iron 
heads  screwed  and  riveted  to  carbon  steel  stems  are  also  used  to 
some  extent.  The  bottom  ends  of  the  stems  should  be  case 
hardened  (which  is  conveniently  done  in  cyanide  of  potassium), 
so  that  they  will  not  wear  or  become  deformed  under  the  shocks 
of  the  push  rods. 

Form  and  Dimensions  of  Head— The  valve  head  should  be 
made  of  the  minimum  thickness  that  will  insure  against  deforma- 
tion, and  to  this  end  it  is  sometimes  made  dome  shaped.  In 
American  practice  the  head  is  made  flat  on  the  under  side  and 
rounded  on  top,  so  as  to  give  increased  strength  at  the  centre, 
where  the  bending  moment  due  to  the  explosion  is  the  greatest 
The  principal  dimension  of  the  valve  head  is  the  bottom  diameter 
d,  which  should  be  equal  to  the  clear  diameter  of  the  valve  port 
All  the  other  dimensions  of  the  head  may  be  expressed  in  terms 
of  d  as  follows  (for  45  degree  valves)  : 

Outside  diameter  of  head  =  1.15  d. 

Thickness  at  centre  of  head  =  0.15  d. 

Valve  stem  diameter  =  0.15  J +  0.1 5  inch. 

Radius  of  fillet  at  junction  of  head  and  stem=a2  d. 

The  above  ratio  between  the  bottom  and  top  diameters  of  the 
valve  head  gives  a  seat  on  the  head  about  o.io  d  in  width,  and 
the  projection  of  this  width  on  the  horizontal  plane  is  0.07  d.  The 
latter  should  be  the  same  for  valves  with  other  seat  angles.  The 
width  of  the  seat  formed  in  the  cylinder  casting  must  be  some- 
what less,  so  there  will  be  no  interference  between  the  outer  edge 
of  the  valve  and  the  seat  in  the  casting  after  repeated  grindiiig3. 
European  designers  sometimes  provide  an  exceedingly  large  iillet 
between  the  valve  head  and  the  stem,  of  a  radius  equal  to  and 
even  greater  than  the  overhacv:  of  the  head,  to  deflect  t*?«  col- 
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umn  of  gas  and  thus  lessen  the  resistance  of  the  valve  passage, 
and  make  the  upper  surface  of  the  head*  flat,  as  shown  in  Fig. 
145.  They  also  often  make  the  upper  portion  qf  the  stem  slightly 
less  in  diameter  than  that  portion  working  in  the  guide,  so  that 
there  is  no  possibility  of  a  shoulder  being  formed  where  the  stem 
leaves  the  guide  when  the  vtilve  is  in  the  closed  position.  This 
is  also  shown  in  Fig.  145. 

If  the  head  is  made  of  cast  iron  it  is  provided  with  a  sort  of 
hub  on  the  under  side  and  is  screwed  over  the  reduced  upper  end 
of  the  stem  against  a  shoulder,  and  the  end  of  the  stem  is  then 
riveted  over,  as  shown  in  Fig.  146.  All  valves  must  have  a  screw- 
driver slot  milled  in  the  head  for  the  grinding  tool. 

Mean  Qas  Speed  Through  Valves— In  calculating  the  di- 
mensions of  valves,  the  calculations  are  often  based  upon  a 
certain  mean  gas  speed  through  the  valve  port  in  feet  per 
minute.    It  is  obvious  that  the  mean  gas  speed  through  the 


Flc.  145— European  Design 
Poppet  Valve. 


Fig.  146.— Cast  Iron  Head 
Poppet  Valve. 


valve  port  is  to  the  mean  piston  speed  as  the  piston  head 
to  the  valve  port  area.  But  since  the  piston  head^rea  is  pro- 
portional to  the  square  of  the  bore  and  the  vajf^  port  area 
to  the  square  of  the  clear  valve  diameter,  the  mean  gas  veloc- 
ity through  the  valve  port  is  to  the  mean  piston  speed  as  the 
square  of  the  bore  is  to  the  square  of  the  clear  valve  diam- 
eter— 

»f :  «^  =  ft* :  rf*. 

Hence 


Vf 


-©■ 


(96) 


In  modern  engines  Vr  has  a  value  of  7,000  to  9,000  feet  per 
minute  when  the  engine  runs  at  its  speed  of  maximum  output, 
the  former  figure  applying  to  truck  engines  and  the  latter  to  high 
speed  engines. 

A  committee  appointed  in  1910  by  the  (British)  Institution 
of    Automobile    Engineers   to    develop   a    rating    formula    for 
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gasoline  motors,  in  its  report  suggests  the  following  formula 
for  the  clear  diameter  of  the  inlet  valve: 

y   m 

where  h  and  /  have  their  usual  meanings  and  m  is  the  weight 
of  the  reciprocating  parts  (piston  and  connecting  rod).  The 
idea  underlying  this  recommendation*  is  that  a  motor  will  be 
able  to  run  at  a  higher  piston  speed  the  greater  the  length  of 
stroke  /  and  the  less  the  weight  m  of  the  reciprocating  parts, 
he^ce  the  valve  diameter  should  increase  with  the  former 
and  as  the  latter  decreases.  It  is  admitted,  however,  that 
this  formula  in  the  majority  of  cases  gives  valve  diameters 
greater  than  actually  employed  in  practice. 

Degree  of  Filling— A  gasoline  engine  cylinder  in  normal 
operation  never  draws  as  much  charge  per  suction  stroke  as 
is  represented  by  the  piston  displacement  volume  at  atmos- 
pheric pressure  and  temperature.  This  latter  amount  is  re- 
ferred to  as  a  complete  charge.  The  ratio  of  the  amotmt  of 
air  actually  taken  in  per  suction  stroke  to  a  complete  charge 
is  known  as  the  volumetric  efficiency.  This  factor  decreases 
IS  the  speed  of  the  motor  increases,  increases  and  decreases 
with  the  size  of  the  inlet  valves,  and  varies  also  with  the 
valve  timing  and  the  cylinder  wall  temperature.^  Some  tests 
made  on  a  Franklin  four  cylinder,  4x4  inch  air  cooled  motor 
at  Cornell  University,  and  reported  in  a  paper  read  by  Prof. 
R.  C.  Carpenter  before  the  Society  of  Automobile  Engineers 
at  New  York  in  January,  igii,  showed  that  this  motor,  fitted 
with  poppet  valves  of  a  clear  diameter  of  iH  inches,  opening 
5  degrees  past  dead  centre  and  closing  30  degrees  past  dead 
centre,  had  a  volumetric  efficiency  when  cold  (that  is,  when 
driven  by  an  electric  motor)  of  82  per  cent,  at  1,000  r.  p.  m. 
and  68  per  cent,  at  1,500  r.  p.  m.  When  run  under  its  own 
power,  with  the  inlet  valves  opening  5  degrees  past  dead 
centre  and  closing  30  degrees  past  dead  centre,  the  volumtric 
efficiency  was  68  per  cent,  with  applied  phosphor  bronze  cool- 
ing fins  and  62  per  cent,  with  cast  iron  integral  cooling  fins 
at  1,000  r.  p.  m.;  63  per  cent  with  applied  phosphor  bronze 
and  56  per  cent,  with  integral  cast  iron  cooling  fins  at  1,500 
revolutions  per  minute.  This  clearly  shows  the  effect  of  the 
cylinder,^wall  temperature  on  the  volumetric  efficiency,  the 
applied  phosphor  bronze  fins  evidently  cooling  less  than  the 
integral  cast  iron  fins.  The  effect  of  valve  timing  on  the  volu- 
metric efficiency  is  shown  by  the  following  figures:  With  cast 
iron  integral  fins  but  with  the  inlet  valves  opening  7  degrees 
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before  dead  centre  and  closing  17  degrees  past  dead  centre  the 
volumetric  efficiency  was  45  per  cent  at  1,000  revolutions  and 
47  per  cent,  at  1,500  revolutions.  Curves  plotted  to  show  the 
variation  of  the  volumetric  efficiency  with  the  speed  of  the 
engine  bring  out  the  interesting  fact  that  whereas  in  the  cold 
engine  the  volumetric  efficiency  decreases  practically  uni- 
formly as  the  engine  speed  increases,  in  the  hot  engine  it  de- 
creases rapidly  at  first,  then  less  rapidly  and  becomes  constant 
or  begins  to  increase  at  from  1,300  to  1,400  revolutions  per 
minute.  The  probable  explanation  of  this  difference  in  the 
variation  of  the  volumetric  efficiencies  of  hot  and  cold  engines 
is  that  at  high  rotative  speeds  the  incoming  gases  do  not  have 
sufficient  time  to  absorb  much  heat  from  the  cylinder  wall, 
hence  the  difference  in  the  efficiencies  of  hot  and  cold  cylin- 
ders is  then  less.  ^ 

Valve  Guides — Sometimes  the  guides  for  the  valve  stems  are 
cast  integral  with  the  cylinders,  but  more  frequently  they  are 
inserted.  Casting  them  integral  is  the  least  expensive  construc- 
tion, but  it  is  open  to  the  objection  that  owing  to  the  unavoidable 
inaccuracies  in  molding,  the  holes  through  the  guides  are  fre- 
quently considerably  out  of  centre,  and,  besides,  when  the  guide 
has  become  worn  it  is  very  difficult  to  refit  it  so  as  to  make  a 
fairly  tight  joint,  which  is  essential  particularly  in  connection 
with  the  inlet  valve.  Since  it  is  impossible  to  properly  lubricate 
the  exhaust  valve  guides,  wear  on  these  is  comparatively  rapid. 

The  methods  of  inserting  the  guides  differ  considerably.  For- 
merly it  was  customary  to  provide  them  with  a  screw  thread  and 
screw  them  into  the  cylinder  casting,  as  shown  at  A,  Fig.  147. 
This  is  objectionable,  however,  since  it  is  difficult  to  get  the  thread 
on  the  guide  absolutely  concentric  with  the  hole  through  it,  and 
if  the  guide  should  ever  be  removed,  and  in  replacing  not  be 
turned  to  exactly  the  same  angle,  the  hole  through  it  would  not 
be  concentric  with  the  valve  seat.  It  is  therefore  preferable  to 
clamp  the  guide  into  the  cylinder  casting  by  means  of  a  flange  on 
it  and  a  nut,  as  shown  at  B,  or  to  force  it  into  the  casting  under 
pressure  and  hold  it  in  position  by  one  or  two  flat  head  machine 
screws,  as  shown  at  £>.  The  screws  can  even  be  dispensed  with, 
since  the  valve  spring  pressing  against  the  flange  of  the  guide  will 
hold  it  in  its  place  in  the  cylinder  casting,  but  the  screws  will 
prevent  it  from  turning.  Instead  of  inserting  the  guides  from 
below,  they  may  be  inserted  into  the  cylinder  casting  from  above, 
as  shown  at  C.  In  this  case  the  valve  spring  bears  against  a  seat 
formed  on  the  cylinder  casting,  and  the  guide  is  held  in  place  by 
friction  and  by  its  weight. 


VALVES  AND  VALVE  GEARS. 


F^c.  147.— Valve  Guides. 


The  mean  diameter  of  the  guides  is  made  about  twice  the  diam- 
eter of  the  valve  stems,  and  the  length  is  made  i^  to  3  times 
the  clear  diameter  of  the  valve,  the  former  figure  being  used 
where  overhead  valves  or  similar  constructions  limit  the  available 
space. 

Valve  Timing!— The  valves  are  operated  by  cams  on  a  shaft 
which  turns  at  one-half  the  speed  of  the  crankshaft,  so  that  each 
valve  is  opened  and  closed  once  during  two  revolutions  of  the 
crankshaft  For  operation  at  very  low  speed  the  inlet  valve 
should  begin  to  open  and  should  close  at  the  beginning  and  end 
of  the  inlet  stroke,  respectively,  and  the  exhaust  valve  shouM 
open  a  trifle  before  the  end  of  the  power  stroke  and  close  at  tfae 
end  of  the  exhaust  stroke.  However,  in  order  that  the  motor  ma^ 
operate  satisfactorily  at  high  speed,  it  is  necessary  to  alter  the 
valve  periods  considerably.  The  exhaust  valve  must  open  earlici 
and  close  later,  and  the  inlet  valve  must  open  later  (in  order 
not  to  overlap  the  exhaust  opening)  and  close  later.  The  re- 
spective lags  and  leads  shoultf  be  greater  in  proportion  as  the 
motor  is  intended  to  run  at  higher  rotary  speed.  For  a  motor  in- 
tended for  service  at  normal  speed,  say  a  3.5x5  inch  motor  to  run 
at  1,800  revolutions  per  minute,  the  following  valve  timing  would 
be  suitable : 

Exhause  opens  45  degrees  ahead  of  bottom  dead  centre. 

Exhaust  closes  10  degrees  past  top  dead  centre. 

Inlet  opens  IS  degrees  past  top  dead  centre.  - 

Inlet  closes  30  degrees  past  bottom  dead  centre. 

In  motors  intended  to  run  at  very  high  speed,  and  consequently 
provided  with  valves  of  very  large  diameters,  the  timing  may  be 
made  as  follows : 

Exhaust  opens  50  degrees  ahead  of  bottom  dead  centre. 
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Exhaust  closes  10  degrees  past  top  dead  centre. 

inlet  opens  15  degrees  past  top  dead  centre. 

Inlet  closes  45  degrees  past  bottom  dead  centre. 

The  first  mentioned  timing  system  is  illustrated  diagrammati- 
cally  in  Fig.  148. 

It  should  be  pointed  out  that  if  a  motor  is  timed  to  give  the 
very  best  output  at  high  speeds  it  will  not  run  so  satisfactorily  at 
low  speed,  and  will  not  be  as  flexible.  This  is  due  to  the  fact  that 
when  the  exhaust  valve  opens  very  early,  some  of  the  power  other- 
wiseiavailable  at  low  speed  is  lost  through  the  exhaust,  and  when 
the  Inlet  valve  closes  very  late  some  of  the  charge  drawn  in  dur* 


£jcka  u^t  C7oie^^ 


Iftiet  Open^ 


Fig.  148.— Valve  Timing  Diagram. 


ing  the  suction  stroke  will  be  forced  out  again  during  the  begin- 
ning of  the  compression  stroke.  The  cylinder,  therefore,  will  not 
receive  a  full  charge,  and  will  not  utilize  to  the  fullest  advantage 
the  charge  it  does  receive. 

Influence  of  Inlet  Valve  Timing  on  Power  and  Fael 
EfBciency— -Some  tests  were  made  in  1909  at  the  Laboratory 
of  the  Automobile  Club  of  France  on  a  four  cylinder  Renault 
motor  of  100  mm.  bore  and  140  mm.  stroke,  to  determine  the 
effect  of  variations  in  inlet  valve  timing  on  the  power  output* 
fuel  efficiency  and  torque.  The  motor  was  provided  with  45 
degree  poppet  valves,  inlet  and  exhaust  valves  being  identical. 
The  valve  heads  had  a  bottom  diameter  of  36  mm.,  a  top 
diameter   tA   42    mm.    and    were    lifted   7.5   mm.     The  .inlet 
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valves  began  to  open  15  degrees  after  the  top  dead  centre, 
and  by  means  of  a  stepped  cam  could  be  closed  27  degrees 
ahead  of  the  lower  dead  centre,  at  the  dead  centre,  and  19,  27, 
40,  60  and  90  degrees  past  dead  centre.  The  exhaust  valves 
began  to  open  33  degrees  ahead  of  dead  centre  and  closed  oa 
dead  centre.  The  effects  of  these  changes  in  the  timing  of 
the  inlet  valve  are  graphically  shown  in  Figs.  149  and  150, 
and  the  results  of  the  tests  may  be  summarized  as  follows : 

As  the  inlet  valve  is  set  to  close  later,  the  power   for  a 
given  speed  of  rotation  increases  until  a  lag  of  60  degrees  is 
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Fig.  149.— Effect  of  Inlet  Valve  Timing  on  Power  Output. 


reached.  When  the  lag  of  the  inlet  valve  is  still  further  in- 
creased, to  90  degrees,  the  power  diminishes,  but  the  diminu- 
tion in  power  becomes  less  as  the  speed  of  the  motor  in- 
creases, and  for  very  high  angular  speeds  such  a  lag  would 
seem  to  give  an  increase  in  power.  The  angular  speed  corre- 
sponding to  the  maximum  power  is  the  greater  the  later  the 
inlet  valve  closes. 

The  effect  on  the  fuel  economy  Is  practically  the  same  as 
that  on  the  power  output.  That  is,  the  amount  of  fuel  con- 
sumed per  horse  power  hour  decreases  as  the  inlet  valve  !• 


VALVES  AND  VALVE  GEARS. 


249 


closed  later,  up  to  a  lag  of  60  degrees,  but  increases  for  a 
lag  of  90  degrees. 

It  will  be  observed  that  the  tests  covered  the  operation  of 
the  motor  at  high  speed  only,  from  about  1,000  feet  per  min- 
ute piston  speed  upward.  It  is  obvious  that  inlet  valves  with 
as  big  a  lag  as  60  degrees  would  not  be  very  satisfactory  for 
operation  at  low  speed,  and  for  this  reason  on  stock  motors 
the  lag  is  always  made  considerably  less  than  this.  But  the 
test  results  indicate  that  in  racing  motors  an  inlet  valve  lag 
of  60  degrees  or  more  would  be  advantageous. 

The  reason  the  inlet  valve  has  to  close  some  time  after 
the  completion  of  the  inlet  stroke  is  that  at  high  speed  the 
inrushing  column  of  gas  possesses  considerable  inertia,  and 
the  charge  continues  to  flow  into  the  cylinder  even  after  the 
piston  has  started  on  the  return  or  compression  stroke. 
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Jfevoiuiions     Per'    Minuie 
150. — Effect  op  Inlet  Valve  Timing  on  Fuel  Efficiency. 


Cams  and  Cam  Followers— The  rate  at  which  the  valve 
is  opened  and  closed  depends  upon  the  cam  outline  and  upon  the 
type  and  size  of  cam  follower  employed.  From  the  standpoint 
of  gas  flow  it  is,  of  course,  desirable  that  the  valve  should  open 
and  close  very  quickly,  and  remain  fully  open  for  the  greatest 
possible  length  of  time.  However,  the  valve  gear  must  operate 
quietly,  and  in  order  to  do  this  it  must  lift  and  drop  the  valves 
more  or  less  gradually. 

There  are  three  common  types  of  cam  followers.  The  most 
extensively  used  is  the  cam  roller ;  next  comes  the  mushroom  type, 
and  finally  the  rounded  or  V  type. 
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There  are  also  three  types  of  cams,  viz.,  the  taagentlal  cam, 
the  conyez  flanked  cam,  used  together  with  a  mushroom  type 
follower  (called  for  short  the  mushroom  type  cam),  and  the 
constant  acceleration  cam,  whose  flank  is  concaye.  Elither 
roller  or  round  nose  followers  are  used  with  the  first  and  third 
types  of  cams.  The  tangential  cam  has  been  in  use  longest, 
and  gives  yery  satisfactory  results,  the  only  objection  to  it 
being  that  it  requires  a  rather  stiff  spring.  The  mushroom 
type  cam  does  not  call  for  so  stiff  a  spring,  and  opens  the 
valve  very  quickly,  thus  giving  a  better  volumetric  efficiency, 
but  it  strikes  the  cam  follower  rather  a  sharp  blow  when 
first  coming  in  contact  with  it,  especially  when  the  adjust- 
ment is  not  very  close.    The  constant  acceleration  cam  in  one 


Fig.  151.— Tangential  Cam. 


sense  Is  a  compromise  between  the  two  other  types,  raising 
the  valve  less  abruptly  than  the  mushroom  cam,  and  de- 
creasing its  speed  more  gradually,  and  consequently  requir- 
ing a  less  strong  valve  spring  than  the  tangential  cam.  With 
this  cam  the  valve  is  first  accelerated  at  a  uniform  rate  until 
it  attains  its  maximum  speed.  From  that  point  on  the  valve 
is  uniformly  decelerated  until  at  the  point  of  maximum  lift 
it  has  lost  all  speed.  Disregarding  the  fact  that  there  is  a 
slight  change  in  the  pressure  of  the  valve  spring  between  the 
points  of  half  lift  and  full  lift  this  cam  possesses  the  advan- 
tage that  at  high  speed  the  spring  force  is  fully  utilized 
throughout  the  period  of  deceleration.  However,  the  denom- 
ination "constant  acceleration"  does  not  by  any  means  com- 
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pletely  fix  the  form  of  the  cam,  even  for  a  giyen  arc  of 
opening  and  maximum  lift,  for  the  periods  of  acceleration  and 
deceleration  are  independently  yariable  and  the  two  together 
may  be  equal  to  or  lees  than  one-half  the  period  of  valve 
opening. 

Laying  Out  Tangential  Cam. — ^In  Figs.  151-3  are  shown  the 
three  forms  of  cams,  and  the  methods  by  which  they  are  laid 
out  may  be  briefly  described  as  follows:  Suppose  that  the  cam 
is  to  lift  the  inlet  valve,  and  that  the  latter  is  to  begin  to 
open  at  10  degrees  past  the  top  dead  centre,  and  to  close  40 
degrees  past  the  bottom  dead  centre.  This  makes  the  total 
period  of  opening  equal  to 

180  +  40  —  10  «  210  degrees 

of  crank  motion,  or  105  degrees  of  cam  motion.  The  cam 
follower,  of  course,  begins  to  lift  at  the  moment  when  the 
radius  at  the  point  of  tangency  between  the  cam  incline  and 
the  base  circle  Is  in  line  with  the  axis  of  the  follower.  There- 
fore, we  first  draw  the  base  circle,  which  must  be  slightly 
larger  in  diameter  than  the  camshaft  and  the  exact  diameter 
of  which  is  determined  by  a  method  of  calculation  to  be 
explained  further  on.  Then  we  draw  two  radial  lines,  making 
with  each  other  an  angle  of  105  degrees,  and  a  third  radial 
line  bisecting  this  angle.  Along  the  latter,  from  the  circum- 
ference of  the  base  circle  outward  we  lay  oft  a  distance  cor- 
responding to  the  maximum  lift  of  the  valve:  In  the  case  of 
the  tangential  cam,  at  the  points  of  intersection  of  the  other 
two  radial  lines  with  the  circumference  of  the  base  circle,  we 
draw  tangents  to  the  base  circle,  and  then  with  the  point  of 
the  compass  on  the  central  radial  line  we  draw  a  small  circu- 
lar arc  such  that  It  passes  through  the  point  of  maximum  lift 
and  that  the  tangents  to  the  base  circle  are  also  tangent  to  it. 
This  completes  the  cam  outline.  We  have  then  a  cam  which 
will  raise  the  valve  during  the  first  half  of  the  period  of  cam 
opening  and  lower  It  during  the  second  half,  there  being  no 
period  of  dwell  in  the  position  of  full  opening.  In  case  the 
period  of  valve  opening  is  considerably  ovei  100  degrees  of 
cam  motion,  as  is  often  the  case  with  exhaust  cams,  provision 
is  made  for  a  period  of  dwell  in  the  position  of  full  lift  We 
then  draw  a  circular  arc  through  the  point  of  full  lift,  deter- 
mined as  explained  in  the  foregoing,  concentric  with  the  base 
circle,  and  at  the  intersections  of  this  arc  with  the  tangents 
to  the  base  circle  draw  rounding  arcs  to  a  radius  the  dimen- 
sions of  which  will  be  discussed  further  on. 
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Laying  Out  Mushroom  Type  Cam. — In  laying  out  a  mush* 
room  type  cam  we  again  draw  a  base  circle,  and  the  three 
radial  lines  exactly  as  In  the  previous  case.  Then  we  lay  off 
the  point  of  maximum  lift  on  the  central  radial  line  and  with 
the  point  of  the  compass  on  this  line  draw  a  small  top  circle 
passing  through  the  point  of  maximum  lift.  Then  we  draw 
the  circular  arc  constituting  the  cam  Incline,  which  must  be 
tangent  to  the  base  circle  at  the  point  where  one  of  the 
outer  radial  lines  Intersects  the  circumference  of  that  circle 
(which  means  that  the  centre  of  this  circular  arc  must  He 
on  an  extension  of  this  radial  line)  and  also  must  be  tangent 
to  the  top  circle.    The  radii  of  the  base  circle,  top  circle  and 


Fig.  152. — Exhaust  Cam  for  Mushroom  Type  Cam  Follower. 


flank  curve  and  the  lift  and  opening  angle  are  mutually  re- 
lated, and  these  relations  will  be  discussed  further  on.  With 
mushroom  cams  there  Is  no  period  of  dwell  In  the  full  open 
position  for  either  Inlet  and  exhaust  cams,  and  both  kinds 
of  cams,  therefore,  are  laid  out  the  same  way. 

Laying  Out  Constant  Acceleration  Cam. — Constant  accel- 
eration cams  are  laid  out  somewhat  dlfterently  from  the  other 
two  types,  as  the  Inclines  of  these  cams  are  not  plain  geometri- 
cal lines,  but  curves  of  varying  radius.  After  having  laid 
oft  the  base  circle  and  the  three  radial  lines  denoting  the 
beginning,  middle  and  end  of  the  opening  period,  respectively, 
we  divide  the  opening  period  Into  a  certain  number  of  equal 
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parts,  and  draw  radial  lines  through  all  dlTieloa  points.  Then, 
by  means  of  a  formula  to  ba  developed  later,  we  calculate  the 
valre  lift  for  each  ot  these  iKMfUons.  Next  we  lay  off  tlie 
position  of  the  cam  roller  centre  lor  each  of  these  positions 
along  the  corresponding  radial  line,  rememberinK  that  the  dis- 
tance of  the  centre  of  the  cam  roller  from  the  centre  of  the 
base  circle  is  equal  to  the  sum  of  the  radius  of  the  base  circle, 
the  radius  of  the  roller  circle  and  the  lift  We  then  draw 
circles  of  the  same  radius  as  the  cam  roller  around  the  rarious 
cam  roller  centres  thus  found  and  then  draw  a  curye  which 
Is  tangent  to  all  of  these  circles  and  to  the  base  circle,  which 
constltutee  the  cam  outline.  In  the  case  of  exhauBt  valve 
cams  It  Is  advisable  to  have  a  period  of  dwell  In  the  position 
of  inaxlniun:'  opening,  but  the  application  of  the  above  method 


of  laying  out  to  such  cams  Is  obvious  without  further  ezpla> 
nation. 

Mushroom  Type  Cam  Followers— The  mushroom  type  of 
cam  follower  is  slightly  simpler  in  construcljon  than  the 
roller  cam  follower,  and  it  also  reduces  the  number  of  wearing 
parts  by  eliminating  the  roller  pin.  But  since  it  substitutes  sliding 
motion  for  rolling  motion  at  the  cam  surface  it  is  doubtful 
whether  it  reduces  the  wear  in  the  valve  gear  on  the  whole. 

The  method  of  laying  out  a  cam  for  a  mushroom  type  follower 
is  as  follows  (Fig.  152) :  First  draw  the  base  circle  and  the  top 
circle,  the  radii  of  which  must  be  assumed.  The  two  centres 
must  be  placed  a  distance 

,    D  =  R  +  e  +  l—r 
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apart.  Now  lay  off  the  clearance  circle  C  and  a  tangent  T  to 
this  circle  at  a  point  P  distant  from  the  point  P'  where  the  line 
connecting  the  centres  of  the  base  and  top  circles  cuts  the  clear- 
ance circle,  an  angle  equal  to  one-half  the  valve  period  angle  a. 
Then  draw  an  arc  A  which  is  tangent  to  the  base  drde,  the  top 
circle  and  the  tangent  T  to  the  clearance  circle.  The  centre  of 
this  arc  is  found  to  be  located  at  O.  This  arc  forms  the  fiank 
of  the  cam  protuberance.  A  peculiarity  of  the  mushroom  type 
cam  and  follower  is  that  during  the  lift  the  valve  is  accelerated 
very  strongly  and  then  decelerates  at  a  much  slower  rate.  This 
permits  of  using  a  comparatively  weak  spring.  Speed  and  accel- 
eration diagrams  can  be  constructed  graphically  by  working  on 
a  large  scale.  The  kinematics  of  the  tangential  and  mushroom 
types  of  cams  were  investigated  by  George  S.  Bowen  {Internal 
Combustion  Engineering,  London,  Oct.  15.,  1913),  Otto  M.  Burk- 
hardt  {The  Horseless  Age,  Jan.  28  and  February  4,  1914)  and 
A.  L.  Nelson  {The  Horseless  Age,  Sept.  23— Oct  21,  1914),  and 
the  following  treatment  is  based  on  their  methods : 

Valve  Speed  and  Acceleration  with  Tangential  Cam. — ^In 
Fig.  154  is  shown  the  outline  of  a  tangential  cam  with  the  roller 
in  the  position  where  the  lift  begins.  While  in  reality  in  a 
vertical  motor  the  centre  of  the  cam  roller  is  always  verti- 
cally above  the  centre  of  the  cam  base  circle,  in  all  of  the 
diagrams  of  cam  mechanisms  in  this  chapter  the  whole  mech- 
anism is  swung  around  through  such  an  angle  as  to  make 
the  radius  of  the  cam  base  circle  to  the  point  of  tangency 
of  the  cam  incline  horizontal,  this  making  the  geometrical 
relations  in  most  cases  clearer.  For  the  purpose  of  this  dis- 
cussion we  will  disregard  the  small  clearance  ("the  thickness 
of  a  sheet  of  ordinary  writing  paper"),  which  is  generally 
allowed  between  the  base  circle  and  the  cam  roller,  and  assume 
that  the  valve  begins  to  lift  as  soon  as  the  tangent  strikes 
the  cam  roller.  The  lifting  period  evidently  divides  into  two 
parts,  which  must  be  dealt  with  separately,  viz.,  (1)  when 
the  cam  roller  is  in  contact  with  the  straight  portion  of  the 
cam  incline,  and  (2)  when  it  is  in  contact  with  the  circular 
porti(Mi  at  the  top  of  the  cam — ^the  top  circle  or  rounding 
circle.  Assuming  uniform  rotation  of  the  cam,  we  must  de- 
velop equations  for  the  acceleration  or  deceleration  of  the  cam 
follower  and  valve,  then  determine  the  maximum  value  of  the 
deceleration,  and  having  found  this  we  must  design  a  spring 
capable  of  imparting  to  a  weight  equal  to  that  of  the  recipro- 
cating parts  of  the  valve  mechanism  (including  one-half  the 


VALVES  AND  VALVE  GEARS. 


255 


weight  of  the  spring),  an  acceleration  equal  to  the  maximum 
deceleration  determined  by  the  cam  outline  for  the  maximum 
speed  of  the  motor.  The  use  of  such  a  spring  insures  that  the 
cam  follower  always  remains  in  contact  with  the  cam  outlinei 
thus  obviating  noisy  operation. 

Referring  to  Fig.  154  it  will  be  seen  that 

A  B  cos  e  =  R  -\-  Ri. 
Hence 

R  +  R^ 


A  B  == 


cos  6, 


) 


Fig.  154. — Tangential  Cam,  Roller  on  Straight  Flank. 


The  dotted  circle  shows  the  roller  on  the  straight  part  of  the 
cam,  and  a  h  eyidently  represents  the  lift  at  this  point,  after 
the  cam  has  turned  through  an  angle  6. 

~  cos  $  ^^  "^  ^»^ 


=  («  +  «'>(^-i) 


To  get  the  speed  or  rate  of  lift  we  differentiate  this  expres- 
sion with  respect  to  $,  which  gives 

tan  $ 
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The  actual  speed  of  lift,  however,  is  represented  by 

dl 
dt. 


hence^ 


But 


Hence 


^  tan  0    d$ 

de e     2  w  N 

dt    ~    t    ""    60 

2  T  N\tan  6 


«=(«  +  «.)(-w-) 


cos  6. 

To  find  the  acceleration  we  differentiate  this  latter  expression, 
which  gives 

It  will  be  seen  from  this  that  as  long  as  the  cam  roller 
remains  on  the  straight  part  of  the  cam  incline  the  valve  is 
accelerated,  because  the  sine  increases  with  the  angle  and 
the  cosine  decreases  until  for  an  angle  of  90  degrees,  which 
is,  of  course,"  far  beyond  the  practical  limit,  the  cosine  becomes 
zero,  and  hence  the  theoretical  acceleration  infinite.  This 
further  shows  that  deceleration  of  the  valve  is  confined  to 
that  period  of  cam  rotation  during  which  the  cam  roller  is 
in  contact  with  the  circular  portion  of  the  cam  incline  of 
radius  r. 

Referring  now  to  Fig.  155,  which  shows  the  cam  roller  on 
the  circular  portion  of  the  cam  incline,  since  the  sines  of 
the  angle  of  an  oblique  triangle  are  proportional  to  the  oppo- 
site sides — 

A  O  R  +  r 


But 
hence 

But 

and  hence 
Therefore 


sin  (180**  —  ^)  ""   sin  y 
+  a  +   (180**  —  p)   =  180% 

sin  (180**— /J)  =sinp, 

=  sin  (7  +  a). 
AC  B  +  r 


sin  (y  +  a)         sin  y 
from  which  it  follows  that 
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^  (R  +  r)( 


/«    .      v^n  (7  +  3) 
A  C7  =  («  +  r)— jjjpj^ 

sin  7  cog  g  +  CQ8  7  sin  g  \ 
sin  7  / 


Fig.  155. — ^Tangential  Cam,  Roller  on  Rounding  Circle. 


=  {R  +  r)  (cos  9  ^  cot  y  sin  3) 
Also,  by  the  same  proposition  quoted  above, 


80  that 


and 


D 


^  R  +  r 

sin  d        sin  y 

D  sin  7 


sin  a  = 


R  +  r 


cos 


I         D'  sin*  7 


Substituting  these  values  for  sin  8  and  cos  d  in  the  above 
expression  for  A  C,  we  get 
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^    /  (/?  +  r)*  —  /?•  sin*  y  •]-  D  cot  y  sin  y 
_    /(«  +  r)  •  —  D'  «in*  7  +  I>  co«  7. 


-V 


The  lift  of  the  valye  at  this  point,  when  the  cam  must  turn, 
through  an  angle  7  till  the  valve  is  fully  lifted,  is 

J  =  cd  =  A  C7.—  («  +  Bx) 


-V 


_    /(B  -I-  r)  "  —  D*  sin*  y  +  D  cos  y  —  {R  +  Rr). 


Differentiating  this  ezpresAon  with  respect  to  the  time,  we 
set 

D'sinycisy         +  D  sin  y^2T  N 


1 


{R  '\'  r)*  —  D*  sin*  y  ■     ^^ 

Differentiating  again  to  find  the  acceleration  we  obtain 

d  V  \    ^D'g<n*7—  (R  +  r)*  (2  gin' 7  — D 


+  D  co»  7 


C-^)* 


This  is  evidently  a  maximum  when  7  =  0,  that  is,  at  the 
moment  the  valve  attains  its  full  lift  The  expression  then 
reduces  to  the  comparatively  simple  form 

a  =  —I  (p  4,  y\+  Dfl  — gA—  I  inches  per  second  per  second. 

By  now  dividing  by  12  to  reduce  to  feet  per  second  per  second 
and  inserting  the  above  value  of  a  in  the  equation 

„      W  a 

we  get  for  the  spring  force  required  to  hold  the  valve  down 

to  the  cam 

W     (    D»         ^\/2  tV\* 

Relation  Between  Parts  of  Tangential  Cams. — ^It  is  not 
hard  to  see  that  there  must  be  a  definite  relation  between 
the  radius  of  the  base  circle,  the  radius  of  the  rounding  circle 
and  the  angle  of  complete  lift  of  a  tangential  cam.  In  an 
Inlet  cam  there  usually  is  no  period  of  dwell  at  full  lift,  the 
valve  beginning  to  drop  again  as  so<m  as  it  has  been  fully 
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lifted.     In  that  case  the  angle  of  complete  lift  is  equal  to 


J-  or  one-half  the  angle  of  opening.   We  then  have  (Fig.  156) 

D  008-^^=  Ri  —  r 

D  =  1  +  R^  —  r 
BnlMitituting  for  D  in  the  first  of  the  aboye  equations  we  get 

1^1  (1  —  co«^J«=  r  (1  —  co«-|-J+  I  COB  -J- 


COB 


«t  =  r  +  I 


0 

1  —  COB  Y^ 


¥vL  156. — Tangential  Cam,  Relationship  of  Parts. 


Phis  same  equation  can,  of  course,  also  be  applied  to  exhaust 
canuEi  in  which  there  may  be  a  period  of  dwell  in  the  full 
open  position  (as  shown  by  dotted  curve),  but  in  that  case 
the  angle  of  complete  lift  must  be  substituted  for  one-half 
the  angle  of  opening. 

In  plotting  the  curve  of  lift  by  the  tangential  cam  it  is  desir- 
able to  know  the  angle  Bm  corresponding  to  that  angulhr 
motion  of  the  cam  from  the  point  of  beginning  of  lift  to  the 
point  where  the  cam  follower  first  comes  in  contact  with  the 
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top  circle.    The  cam  Ib  shown  In  this  position  in  Fig.  157»  and 
it  will  be  seen  that 


tan  0m  = 


D  9in^ 


R  "T"  Rx 

Of  course,  it  is  not  absolutely  necessary  to  know  the  value 
of  this  angle  in  order  to  plot  the  curve  of  lift,  because  by 
starting  to  plot  from  the  points  of  beginning  of  lift  and  maxi- 
mum lift,  according  to  the  formulae  for  the  lift  on  the  straight 
and  circular  portions  of  the  cam  incline,  respectively,  we 


Fia  157. — ^Tangential  Cam,  Roller  at  Junctions  of  Straight 

AND  Curved  Portions. 


reach  a  point  where  the  two  portions  of  the  lift  curve  Intersect 
and  this,  of  course,  is  the  point  corresponding  to  the  angle  9m> 
and  completes  the  lift  curve. 

We  may  now  figure  out  an  example.    Assume  that  for  an 
inlet  cam  the  period  of  opening  is  to  be  100 '^  so  that 

f  =  B0-. 

Also,  that  the  lift  is  to  be  5/16  inch,  and  the  radius  of  the 
rounding  circle  3/16  inch.    In  that  case 
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(cot  E0°     \ 
1-C..50-J-  K  '"";■ 

rroiQ  tbls  we  find  tbe  value  D  to  b« 

D  =  \  +  S/16  —  3/16  =  %  inch. 
If  we  assume  the  valve  reciprocating  parts   to  weigh   one 
pound,  and  the  cam  roller  to  have  &  radius  of  H  Inch,  then  the 
pressure  of  the  valve  spring  In  the  position  of  full  opening 
tor  a  crankshaft  speed  of  2,400  r.p.m.  must  be 

1  /%   X   %     ,         \/6.28  X   1,200  Y  _ 

12  X  32.16  V.  11/16      +    *A  60  J  -  «1  Itw- 


Fig.  158.— Mushboom  Cam,  Follower  on  Flank  Cubve. 

Valvp  SfMett  and  Accelerallon  with  Mushroom  Cam. — So 
far  as  that  portion  of  the  "mushroom"  type  cam  Incline  la 
concerned  which  depends  on  the  radius  of  the  top  circle,  the 
same  analysis  applies  as  in  the  case  of  the  tangential  cam. 
The  cam  follower  bavins'  a  flat  surface,  it  is  equivalent  In 
Its  action  to  a  roller  of  infinite  radius.  By  making  R  ^  ob 
in  the  equation  for  the  spring  pressure  required,  tbe  term 


vanishes,  and  the  equation  becomes 


262        VALVES  AND  VALVE  GEARS. 

WD 


JP  = 


(2  y  y  V 
60       ) 


12  g 

It  l8»  however,  desirable  to  also  Investigate  the  acceleration 
while  the  follower  is  on  the  flank  curve.  Referring  to  Fig. 
168  the  lift  is  represented  by 

a  "b  ^=  h  c  —  a  c 

hc  =  df^R  il  —  cos  9) 

a  c  =^  RiH  —  cos  9) 

subtracting 

I  =  {R  —  R^)    (1  —  cos  0) 

Differentiating  with  respect  to  t 

d  B 
V  ^  {R  —  R^)  sin  ^g-| 

Differentiating  again  with  respect  to  time  we  get 

(2  ir  ^\" 

This  gives  positive  results  for  values  of  tf  up  to  90  degrees,  far 
beyond  the  practical  limits,  and  shows  that  deceleration  takes 
place  only  during  that  portion  of  the  cam  period  while  the 
follower  makes  contact  with  the  top  circle.  The  circular  mo- 
tion of  the  cam  from  the  beginning  of  valve  lift  to  the  point 
where  the  follower  contacts  with  the  cam  at  the  Junction  of 
the  two  circular  arcs  making  up  its  incline  may  be  found 
from  the  equation  (see  Fig.  169) 

{R  —  r)   sin  0^  =^  D  sin  ^ 

D  d 

sin  9m  a=  ^ ^sin  ^ 

In  order  to  be  able  to  draw  the  full  curve  of  lift  for  the 
mushroom  cam  we  must  derive  also  an  expression  for  the  lift 
when  the  cam  follower  contacts  with  the  top  circle.  By  re- 
ferring to  Fig.  160  it  will  be  seen  that  the  lift  for  that  part 
of  the  rotation  of  the  cam  while  the  follower  contacts  with 
the  top  circle  may  be  expressed  by  the  equation 

I  =  Dco«7  +  r  —  Rt 
When  the  valve  is  fully  lifted  the  value  of  7  is  nil,  and  the 
maximum  value  of  this  angle  is  equal  to 

6 
ym  =^ —  Bm 

Determination  of  Radius  of  Flank  Circle. — ^The  radius  of 
the  flank  circle  of  a  cam  for  a  mushroom  type  follower  de- 
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pends  upon  the  radU  of  the  base  and  top  circles  and  the  angle 
of  cam  motion  correapondiiig  to  the  full  lift.  Qenerally  witb 
"mushroom  type"  cams  there  Is  no  dwell  of  the  valve  In  the 
full  open  position,  the  valve  beginning  to  close  as  soon  as  It 
has  attained  its  maxlmnm  lift.  In  other  words,  the  an^e  Of 
cam  motion  corresponding  to  the  full  lift  of  the  valve  Is  equal 


Fia  159.— UU3HK0011  Cam,  Followeb  at  Juwctioh  of  Flamk 
AMD  Top  Cucle. 


to  half  the  angle  of  valve  opening    (-$■}   Referring  now  to 
Fig.  159—  ^       ^ 

(  B  —  r)    =  (d  sin  -^y  +  (r  —  R,  +  D  cot  ^J 

fP  +  r"  —  2Br  =  D"  «(n'  f^+R'  +  R*  — 2Rlit 

+  2RD  C0«|  —  2  K,  D  co<  2+  D'  co^  | 
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—  C  +  IP  +  «i'  —  JSB,  +  2BD  totY 
—  2R,Dtot^ 
SBB^  —  2Mr  —  ZBDeoaf=iy  —  f  +  B,'  —  2B^D  awf 

[f  —  t'  +  R,'  —  2  R,  D  cott 


•t) 


Fic.  160. — MusuRoou  Cau,  Followeb  on  Top  Cibcxe. 
Th[B  valu*  becomes  Infinite  and  tbe  cam  therefore  becomes  a 
tangeDtlal  cam  (which  can  be  successfully  used  only  with  a 
roller  or  round  nosed  follower)  If 

Ri  =  r  +  D  cotf 

Spring  Force  Required  with  Constant  Acceleration  Cam. — 

Let  t  be  tbe  Utt  and  a  tbe  angle  of  cam  motion  during  which 

tbe  valve  Is  completely  lifted.    Tbe  time  required  for  turning 

this  angle  is 
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a  60  a 
2irN       =2VF»®<^^^^ 


60 
Since  the  acceleration  is  constant  the  maximum  speed  is 
twice  the  average,  viz., 

2  Z  i  w  N  I,     ^ 

60  a      = WIT  ^^^^'^^  P®'  "^^"^^ 

2  w  N 

w  N  I 
or    280  a     ^®*  ^^^  minute. 

Now  let  us  suppose  that  deceleration  takes  place  in  a  fra& 
tion  /  of  the  total  time  of  lift  or 

60  /  o       30  /  o 

2  w  N'^     If  N 

Then  the  rate  of  deceleration  is  evidently 

180  g ir*y  I 

^  ""       30  /g        ■" 540071? 

w  N 

Inserting  this  value  of  a  in  the  equation  for  aoceleralUng 
force  we  get 


5400  t  gt^ 

In  this  equation  a   must  be  inserted  in  terms  of  radians. 
As  the  lifting  angle  is  generally  expressed  in  degrees,  b 
letting  a  represent  degrees  and  incorporating  ir*  and  or  In  tb 
constant  we  get 

2P  W  I 
^  ""  5.36  /  o' 
We  may  now  summarize  the  formulse  for  the  spring  pres- 
sures required  and  will  at  the  same  time  reduce  them  to  their 
simplest  and  handiest  form  by  incorporating  all  known  factore 
in  the  numerical  constants. 

For  tangential  cams 

W  N* 


F  = 


(^+^)'^ 


35200 

i<*or  mushroom  follower  cams 

^      W2f*D 

^  =  85200     ^^^ 

V'oT  constant  deceleration  cams 

IV  N*  I 
^  ""5.36  /  o*  ^^ 
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where 

W  =  weight  of  valve  reciprocating  parts  (Including  one- 

half  of  spring)  in  pounds. 
D   n  distance  between  center  of  base  circle  and  center  of 

top  circle  or  rounding  circle  in  Inches. 
R  «»  radius  of  cam  roller  in  Inches, 
r    n  radius  of  top  circle  or  rounding  circle  in  Inches. 
N  «  speed  of  camshaft  in  r.  p.  m. 
I    «  lift  of  valve  in  inches. 
a    wm  angle  of  camshaft  motion  in  degrees  required  to  com- 

.  pletely  lift  the  valve. 
/    •  fraction  of  this  angle  during  which  the  valve  decel- 
erates (/  is  made  greater  than  0.5  to  reduce  the 
spring  force  required). 
In  the  case  of  the  tangoitial  and  mushroom'  tfpe  ftoHower 
cams  the  spring  pressure  obtained  by  the  formulae  is  that 
which  the  spring  must  exert  when  the  valve  is  fully  lifted. 
When  the  valve  is  closed  the  spring  pressure,  of  course,  wiU 
be  less  as  the  spring  is  then  less  compressed.    In  the  case  of 
the  constant  deceleration  cam  the  spring  must  exert  a  pressure 
equal  to  that  calculated  by  means  of  the  formula  when  the 
Talve  has  atUined  its  maximum  speed  and  is  beginning  to 
decelerate.    At  that  moment  the  valve  has  been  lifted  a  dis- 
tMi»  (1  -  /)'  L 

*  "r  +  (1  —  /)•  / 

Comparison  of  Valve  Lift  Curves.  — ^In  Fig.  161  are  shown 
valve  lift  curves  for  the  three  types  of  cams — ^tangential, 
mushroom  and  constant  acceleration — ^which  permit  of  cer- 
tain comparisons  being  made.  It  should  be  pointed  out,  how- 
ever, that  no  absolute  comparison  is  possible,  as  with  each 
type  of  cam  there  are  certain  assumed  values  which  change 
the  form  of  the  curve;  these  variables  are  entirely  different 
in  character  in  the  different  cam  types  and  it  is  impossible  to 
assign  to  them  valyes  that  might  be  called  strictly  equivalent 
In  the  figure  the  lift  of  the  valve  and  the  period  of  opening 
are  the  same  in  every  case.  These  dimensions  are  such  as 
might  be  used  for  the  inlet  cam  of  a  high-speed  motor.  In 
every  case  there  is  no  dwell  at  full  lift  The  data  for  the 
tliree  cams  may  be  summarized  as  on  the  next  page. 

It  will  be  seen  from  the  cut  that  with  the  mushroom  fol- 
lower cam  the  valve  accelerates  very  quickly,  and  after  15 
degrees  of  cam  motion  the  lift  is  more  than  three  times  as 
great  as  with  the  tangential  cam,  which  gives  the  smallest 
acceleration  to  the  valve.  The  constant  acceleration  cam,  as 
here  chosen,  produces  a  lifting  curve  lying  midway  between 
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DATA  OF  VALVES  OP  THREE  TYPES. 

Tangential  Mualiroom  Const  Accel. 

I        »    5/16  inch  I        =     5/16  inch    I     »     5/16  inch 

r       ta     3/16  inch  r       =        %  inch  j^  -., 

/J      «        %   inch  iJi     =.        %  inch    2       "■        •^ 

«»•   a  0.607   inch  r^  =  io.125  inches    ^        ""  */* 


^  Calculated  from  other  data. 

t  Proportion  of  total  period  of  lift  that  valve  decelerates. 


the  other  two.  This  latter  curve  may  be  widely  varied  by 
varying  the^factor  /.  For  instance,  if  /  were  made  equal  to 
0.5,  so  that  the  acceleration  during  the  first  half  of  the  lift 
WBre  equal  to  the  deceleration  during  the  last  half,  then  the 
lift  curve  for  the  constant  acceleration  cam  would  correspond 
rather  closely  to  that  of  the  tangential  cam.  Tlie  steepness 
at  the  beginning  of  the  lift  curve  is  a  measure  of  the  blow 
dealt  the  cam  follower  by  the  cam  when  first  coming  in  con- 
tact with  it  As  in  an  engine  there  is  always  a  slight  clear- 
ance between  the  cam  and  cam  follower  during  the  non-lift 
period,  varying  from  about  0.004,  in  the  case  of  the  inlet 
valve,  to  0.008  inch  in  the  case  of  the  exhaust  valve,  the  condi- 
tions at  the  moment  when  the  lift  begins  are  represented  by 
the  angles  made  by  the  different  lift  curves  with  the  dotted 
horizontal  line  whose  distance  from  the  base  line  represents 
the  valve  clearance.  It  will  be  seen  from  the  cut  that  the 
mushroom  type  cam  crosses  this  line  at  by  far  the  greatest 
angle,  consequently  this  cam  would  be  expected  to  be  the  most 
noisy,  followed  by  the  constant  acceleration  cam  as  here  pro- 
portioned and  by  the  tangential  cam,  in  that  order. 

For  any  given  cam  motion  from  the  point  where  the  valve 
begins  to  lift,  the  lift  is  greatest  for  the  mushroom  cam,  hence 
the  volumetric  efficiency  would  be  expected  to  be  greatest 
with  that  cam.  Moreover,  from  the  standpoint  of  strength  of 
spring  required,  the  mushroom  type  cam  also  ranks  first  in 
merit  When  the  camshaft  has  still  20  degrees  to  travel  to 
the  full  lift  position,  the  valve  has  yet  to  pass  through  a  ver- 
tical distance  of  about  0.048  inch  in  the  case  of  the  mushroom 
type  cam,  0.062  inch  in  the  case  of  the  constant  acceleration 
type  cam,  and  0.092  inch  in  the  case  of  the  tangential  cam. 
The  average  speed  of  the  valve  for  the  remainder  of  the  lift 
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is  therefore  greatest  in  the  case  of  the  tangential,  and  least 

In  the  case  of  the  mushroom  type  cam.    Since  the  speed  of 

the  valve  in  all  cases  reduces  to  zero  during  these  20  degrees 

of  cam  motion,  it  may  be  inferred  that  the  deceleration  is 

greatest  In  the  case  of  the  tangential  cam.    Of  course,  th^  .best 

way  of  comparing  the  cams  in  this  respect  is  by  calculating 

the  spring  pressures  required*  with  each  cam,  by  means  of 

the  formulie  derived  in  the  foregoing. 

If  we  assume  that  the  weight  of  the  valve  reciprocating 

parts  in  each  case  is  1  lb.,  that  the  radius  R  of  the  cam  roller 

is  0.5  inch,  and  that  the  maximum  speed  of  the  camshaft  is 

1,200  r.  p.  m.,  we  get  for  the  valve  spring  pressure  required 

in  the  different  cases: 

Tangential  cam 

1  X  1200  X  1200  /  0.732  X  0.782  ,  ^  ^^^\      ^^  ,^ 

—35200 V        0.6875        +  ^'^^V  =  ^^  ^^"^ 

Mushroom  type  cam 

_      IX  1.200  X  1.200  X  0.8125 


^  33.3  lbs. 


*  35,200 

Constant  acceleration  cam 

1  X  1,200  X  1,200  X  0.8125 
^  ■"    5.36  X  0.666  X  55  X  65    -"  *^-®  *"^"- 
Cams  to  be  used  in  connection  with  rounded  or  V-shaped  fol- 
lowers can  be  laid  out  by  the  same  method  as  cams  for  roller 
followers. 

Among  the  factors  determining  the  value  of  any  valve  con- 
struction is  the  average  side  thrust  of  the  cam  follower  on  its 
guide  which  should  be  as  low  as  possible.  Another  such  factor 
is  the  lift  angle  integral.  This  integral  is  represented  by  the  area 
enclosed  by  the  valve  opening  diagram.  Therefore,  the  greater 
the  area  enclosed  by  the  valve  opening  diagram  the  better  the  cam 
form  from  this  point  of  view.  The  above  statement  is  based  on 
the  assumption  that  the  area  of  valve  opening  is  proportional  to 
the  lift,  which  is  practically  but  not  absolutely  correct 

The  vertical  reaction  between  the  cam  surface  and  the  cam 
follower  is  equal  to  the  sum  of  the  spring  pressure  and  the 
inertia  force.  The  latter  is  positive  during  the  first  half  of  the 
lift  and  the  last  half  of  the  drop,  and  negative  during  the  last 
half  of  the  lift  and  the  -first  half  of  the  drop.  However,  the 
reaction  is  vertical  only  at  no  lift  and  at  full  lift.  For  all  inter- 
mediate positions  the  reaction  is  at  an  angle,  as  indicated  in  Fig. 
162.  Calling  the  vertical  pressure  P,  it  is  evident  that  the  .pres- 
sure or  reaction  at  the  contact  surface  between  cam  and  cam 
follower  is 
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Pr  = 


cos* 


and  the  side  thrust  on  the  push  rod 
guide 

P.  =  P  tan  B, 

Calculation  of  Springs  —  The 
maximum  safe  pressure  of  coiled 
wire  springs  and  the  deflection  under 
a  given  load  are  obtained  by  means  of 
the  following  formulae: 


W 


(90^) 


F  = 


8D 
8»PZ>" 

Ed* 


m  B) 


Fig.  162.— Horizontal  and 

Vertical  Components  of 

Reaction  Between  Cam 

and  roujol 


Where 

Z>  =  mean  diameter  of  the  coil, 

W  =  maximum  safe  load  in  pounds, 

P  =  compression  of  spring, 

d  =  diameter  of  wire, 

n  =  number  of  coils  in  spring, 

5*  =  maximum  safe  fibre  stress  of 
^  materia], 

E  =  torsional    modulus    of    elasticity, 
P  =  load  in  pounds. 

The  torsional  modulus  of  elasticity  may  be  taken  at  I2,ooo,- 
000  and  the  maximum  safe  working  stress  may  be  assumed 
to  be  50,000  pounds  per  square  inch.  In  general  the  outside 
diameter  of  the  spring  is  made  about  seven-eighths  the  clear 
diameter  of  the  valve,  and  the  length  of  the  spring  under  its 
initial  pressure  twice  its  outside  diameter.  These  proportions 
can  be  used  for  guidance  in  laying  down  values  for  some  of 
the  factors  in  the  above  equations. 

To  show  the  application  of  the  above  formulae  we  will  cal- 
culate a  spring  for  a  valve  with  a  lift  of  ^  inch.  We  will 
assume  that  the  mean  diameter  (from  centre  to  centre  of  wire) 
of  the  coil  is  1^  inches  and  that  a  spring  pressure  of  80  pounds 
is  required  when  the  valve  is  fully  lifted.    We  will  calculate  this 
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spring  so  that  it  exerts  60  pounds  pressure  when  the  valve  is 
closed.  Since  the  lift  of  the  valve  is  }i  inch,  20  pounds  pres- 
sure compresses  the  spring  fi  inch. 

The  necessary  diameter  of  wire  we  find  from  equation 
(90A).    Inserting  the  assumed  values  in  this  equation  we  have 

9q— 3'HX50>oooX^ 

8X1.5 
3 


V    157,000 


This  is  approximately  the  diameter  of  a  No.  7  (Birmingham 
gauge)  steel  wire,  which  we  will  adopt.  The  actual  diameter 
of  this  wire  is  0.18  inch.  Now,  to  find  the  number  of  turns 
required,  we  take  into  consideration  the  fact  that  tha  total 
deflection  is  to  be  fi  inch  for  20  pounds  load. 

Inserting  in  equation  (poB)-^ 

j^^8X2oXr.5'Xn 
12,000,000  X0.X8* 

^  ^  H  X  ia,ooo.ooo  X  o.  i8*  ... 
8X2oXi.5» •  "" ^  afProxtmaUiy. 

It  was  stated  above  that  the  length  of  the  spring  under  its 
initial  pressure  is  usually  about  twice  its  outside  diameter. 
We  will  assume  that  the  drawing  in  our  case  shows  that  the 
spring  can  be  3  inches  long.  Then,  since  the  spring  when 
the  valve  is  closed  is  under  60  pounds  pressure  and  it  com- 
presses }i  inch  for  20  pounds  pressure,  it  follows  that  its 
mitial  compression  is 

^^^=rH  inches. 
20 

The  spring  should  therefore  be  wound  to  a  length  of 

3  +  Ifi  =  4J^  inches. 

If  the  results  obtained  under  the  first  assumptions  are  not 
satisfactory,  different  assumptions  can  be  made  and  the  calcu- 
lation made  over  again.  In  this  connection  it  should  be  re- 
membered that  for  a  given  maximum  pressure  the  stress  to 
which  the  spring  material  is  subjected  varies  directly  with 
the  diameter  of  the  coil  and  inversely  as  the  cube  of  the  wire 
diameter.  On  the  other  hand,  for  a  certain  deflection  per 
pound  of  load  the  number  of  coils,  n,  varies  as  the  fourth 
power  of  the  wire  diameter  and  inversely  as  the  cube  of  the 
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coil  diameter.  Combining  these  two  propositions,  incr^si/.K 
the  coil  diameter  increases  the  stress  and  decreases  the  nu  .Ti- 
ber of  coils  required,  while  increasing  the  wire  diameter  6e- 
creases  the  stress  and  increases  the  number  of  coils  required. 

In  order  to  facilitate  the  design  of  coiled  springs  for  poppet 
valves  the  maximum  safe  loads  and  deflections  per  coil  ha/e 
been  calculated  for  all  the  wire  sizes  commonly  used  for 
valve  springs  and  for  the  different  coil  diameters  correspond- 
ing to  each  size,  and  the  results  are  given  in  a  table  contain'^d 
in  the  appendix. 

Spring  Rests— A  few  foreign  manufacturers  bend  one-h<>lf 
of  the  lowermost  coil  of  the  spring  inward  and  pass  it  through  a 
hole  through  the  valve  stem,  as  shown  at  A,  Fig.  163,  but  the 
general  practice  is  to  provide  a  cup-shaped  washer  for  the  spring 
to  rest  on.    The  construction  shown  at  ^  is  in  very  common  use. 


Fig.  163.— Valve  Spring  Supports. 

The  valve  stem  b  provided  with  a  transverse  hole  or  slit  in  which 
is  inserted  a  key.  The  key  forms  a  support  for  the  washer  and  iv 
held  from  endwise  motion  by  a  downwardly  turned  flange  on 
same.  An  upward  flange  on  the  washer  centres  the  spring,  in 
design  C  the  valve  stem  is  reduced  in  diameter  near  its  lower 
end  and  a  steel  collar  with  a  radial  slot  is  slipped  over  this  re- 
duced portion  to  support  the  washer,  which  is  of  the  shape  shown, 
and  is  stamped  from  heavy  sheet  metal.  At  jD  is  shown  an  ar- 
rangement used  to  a  considerable  extent  in  France.  It  is  identi- 
cal with  B  except  for  the  fact  that  the  sheet  metal  washer  has 
no  flange  for  retaining  the  key,  which  latter  is  somewhat  wider 
and  provided  with  a  slot  at  the  middle  of  its  under  side,  whereby 
it  ii  retained  in  position. 
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Design  of  Push  Rods— If  the  valves  are  located  in  side 
pockets  of  the  cylinders,  they  are  operated  from  the  cams  directly 
through  the  intermediary  of  a  push  rod.  The  latter  usually  con- 
sists of  a  cylindrical  steel  part  moving  in  a  brass  guide  secured 
to  the  crank  casing.  The  push  rod  carries  the  cam  roller  or  other 
type  of  cam  follower  at  its  lower  end,  and  is  provided  with  ad- 
justing means  at  its  upper  end.  A  typical  push  rod  is  shown  in 
Fig.  164. 

In  the  design  of  these  members,  lightness  is  an  important 
consideration,  since  the  strength  of  the  valve  spring  required,  and 
the  shock  and  noise  produced,  will  be  directly  proportional  to 
the  weight  of  the  parts  moved  by  the  cam,  which  include  the 


Fig.  164. — Push  Rod. 


push  rod.  In  Fig.  164,  A  is  the  body  portion  of  the  push  rod, 
which  is  drilled  out  from  the  top  end  for  the  sake  of  lightness. 
The  lower  end  is  slotted  transversely  to  receive  the  roller  B, 
which  is  carried  on  the  roller  pin  C;  the  latter  extends  a  short 
distance  beyond  the  circumference  of  the  push  rod,  its  flattened 
ends  working  in  narrow  vertical  slots  in  the  push  rod  guide  D, 
whereby  the  roller  is  kept  parallel  with  the  cam.  At  its  upper 
end  the  push  rod  is  internally  threaded  to  receive  the  adjusting 
plug  £.  The  latter  is  provided  with  an  hexagonal  head,  to  which 
a  wrench  can  be  applied,  and  a  check  nut  F  to  lock  it  in  adjust- 
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ment  A  sheet  metal  dast  cap  G  is  damped  between  the  lock  not 
P  and  the  top  end  of  the  push  rod  body,  and  passes  over  the 
push  rod  guide,  thus  excluding  dust  and  grit  from  the  bearing 
surface.  The  plug  £  is  also  shown  drilled  out,  with  the  object 
of  reducing  its  weight.  The  projection  at  the  top  of  the  plug 
should  be  hardened,  so  it  will  not  be  marred  or  upset  by  the  con- 
tinual hammering  it  receives  aa  it  strikes  the  end  of  the  valve 
stem.  Dust  caps,  of  course,  are  superfluous  when  the  valve 
mechanism  is  enclosed. 

The  push  rod  guide  is  usually  secured  to  the  crankcase  bjr 
means  of  two  studs  pass- 
ing through  lugs  cast  in* 
tegral  with  it,  and  suit- 
able nuts,  or  the  guides 
of  adjacent  cylinders  are 
held  down  by  means  of 
X-shaped  yokes  clamped 
to  the  crankcase  by 
means  of  a  stud  midway 
between  the  guides. 

A  somewhat  different 
design  of  push  rod  and 
guide  is  shown  in  Fig. 
165.  Here  the  bottom 
end  of  the  push  rod  is 
made  in  the  shape  of  a 
squared  fork,  and  the 
bottom  end  of  the  guide 
is  milled  with  a  trans- 
verse slot,  in  which  the 
square  end  of  the  push 
rod  is  guided.  No  spe- 
cial provisions  are  neces- 
sary for  keeping  the  cam 
roller    square    with    the  p      .-- 

cam.  The  adjusting 
means  in  this  case  consists  of  a  plain  capscrew  and  locknut  No 
provisions  are  made  for  a  dust  cap,  and  the  top  end  of  the  guide 
is  therefore  left  unfinished  on  the  outside. 

An  improved  type  of  push  rod  designed  to  automatically  take 
up  the  clearance  is  shown  in  Fig.  166.  This  push  rod  really  con- 
sists of  two  parts,  one  telescoping  the  other.  The  upper  one  is  in 
the  form  of  a  rod,  A,  with  an  integral  hexagonal  flange  near  its 
middle,  threaded  at  its  upper  end  to  receive  the  adjusting  cap  B 


FIG.  166. 
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and  check  nut,  and  cut  down  in  diameter  for  a  certain  length  near 
its  lower  end.  This  rod  is  a  snug  fit  in  a  drill  hole  in  the  upper 
end  of  the  lower  portion  C.  A  small  coiled  spring  surrounds 
the  rod  A  where  it  emerges  from  part  C,  and  lengthens  the  push 
rod  so  as  to  take  up  the  entire  distance  between  the  cam  and  the 
bottom  end  of  the  valve  stem.  Some  oil  is  introduced  into  the 
bottom  of  the  drill  hole  C,  which  acts  as  a  cushion,  and  thus 
tends  to  reduce  the  shock. 

The  need  for  figuring  on  a  certain  clearance  in  the  valve 
operating  mechanism  arises  from  the  fact  that  in  the  opera- 
tion of  the  engine  the  valve  stems,  especially  those  of  the 
exhaust  valves,  are  raised  to  a  higher  temperature  than 
the  cylinders,  whose  temperature  is  limited  by  the  water 
jacket.  Consequently,  if  the  push  rods  were  adjusted  while 
the  engine  was  cold  so  that  there  was  practically  no  clear- 
ance in  the  valve  operating  mechanism,  the  valves  would 
not  seat  after  the  engine  had  heated  up.  The  clearance  al- 
lowed between  push  rod  and  valve  stem  usually  amounts  to 
0.004  inch  in  the  case  of  the  inlet  valve,  and  0.008  inch  in  the 
case  of  the  exhaust  valve. 

Cam  and  Roller  Dimendons — ^The  width  of  the  cam  can  be 
made  one-quarter  the  clear  diameter  of  the  valve  when  to  be 
used  with  a  roller  follower,  and  one-third  the  clear  diameter 
when  to  be  used  with  a  sliding  type  of  follower. 

The  cam  roller  should  be  kept  fairly  small  in  diameter,  be- 
cause with  most  designs  of  push  rod  the  diameter  of  this  rod 
must  be  slightly  greater  than  the  roller  diameter.  A  roller  which 
will  revolve  twice  as  fast  as  the  cam  will  give  satisfactory  results, 
and  the  pin  can  be  made  of  one-third  the  diameter  of  the  roller. 
With  mushroom  type  cam  followers  it  is  a  good  plan  to  offset 
the  follower  lengthwise  from  the  middle  of  the  cam,  so  the 
follower  will  rotate  in  its  bearing  and  no  groove  will  wear  in  its 
foot    Such  a  follower  is  shown  in  Fig.  167. 


Cam  Levers — In  order  to  reduce  the  side  thrust  on  the  push 
rod,  one-armed  levers  are  sometimes  interposed  between  the  cam 
and  the  push  rod,  as  illustrated  in  Fig.  168.  These  levers  are  so 
arranged  that  they  occupy  a  position  perpendicular  to  the  push 
rod  axis  when  the  valve  is  half  lifted.  The  horizontal  com- 
ponent of  the  cam  thrust  then  comes  on  the  lever  and  is  taken 
up  by  the  lever  pivot  However,  the  push  rod  is  not  entirely 
relieved  of  side  thrust,  because  the  free  end  of  the  lever  moves 
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in  an  arc  or  a  circle  instead  of  straight  up  and  down,  and  the 
bottom  end  of  the  push  rod  has  to  slide  on  it  If  that  part 
of  the  lever  on  which  the  push  rod  bears  is  given  such  a  curva- 
ture that  the  push  rod  is  always  at  right  angles  to  the  contact 
surface,  then  the  side  thrust  is  equal  to  the  product  of  the 


Fio.  167.— Mushroom  Type  of  Cam  Fig.  168.— Lever  Betweek 

Follower  and  Guide  Secured  by  Yoke.  Cam  and  Push  Ron, 

upward  thrust  on  the  push  rod  by  the  friction  coefficient.  This 
is  considerably  less  than  the  side  thrust  of  the  cam,  but  since 
the  object  of  the  cam  lever  is  only  partly  accomplished  and  since 
it  adds  to  the  complication,  this  arrangement  has  lost  considerable 
of  its  one  time  popularity.  The  aim  now  seems  to  be  to  provide 
the  push  rod  guide  with  a  liberal  surface,  bringing  it  down  as 
near  to  the  cam  as  possible  and  provide  for  copious  lubrication. 
Bell  crank  levers  are  much  used  between  cam  and  push  rod  in 
V  engines  to  permit  of  the  operation  of  similar  valves  of  Op- 
positely located  cylinders  by  means  of  a  single  cam. 

Overhead  Valves — When  the  valves  are  located  in  the  cyl- 
inder head  with  their  stems  pointing  upwardly,  they  are  operated 
by  means  of  tappet  rods  (or  tubes)  and  short  tappet  levers.  A 
construction  of  this  type  is  illustrated  in  Fig.  169.  With 
these  valve  gears  the  weight  of  the  moving  parts  is  naturally 
fH'eater    than    with    ordinary    valve   gears    for    valves    located 
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in  side  pockets,  and  every  ef- 
fort should  therefore  be  made 
to  eliminate  all  unnecessary 
weight.  The  tappet  rods  are 
preferably  made  of  steel  tubing 
of  an  outside  diameter  of  about 
H  inch.  Into  the  lower  end 
of  the  tube  can  be  fitted  an 
adjustable  threaded  steel  rod 
whose  lower  end  fits  into  a 
hole  drilled  into  the  push  rod, 
and  into  the  upper  end  a  forked 
connector.  The  tappet  lever 
on  top  of  the  cylinder  is  piv- 
oted on  a  bracket  bolted  to  the 
cylinder  head.  A  spring  sur- 
rounding the  lower  part  of 
the  tappet  takes  up  the  slack 
in  the  mechanism  outside  the 
crank  case,  and  adjustment  for 
wear,  etc,  can  be  made  by 
screwing  the  rod  at  the  low- 
er end  of  the  tube  fur- 
ther in  or  out  and  locking 
it  with  a  check  nut.  The 
forked  connection  between  the 
^  tappet  rod  and  lever  should 
be  provided  with  a  liberal  bearing  with  an  oil  hole,  and  the 
bracket  bearing  should  also  be  liberal  and  provided  with  an  oil 
cup.  Sometimes  the  adjusting  means  in  this  form  of  valve  gear 
consists  of  a  set  screw  passing  through  the  end  of  the  tappet 
lever  over  the  valve  stem,  which  bears  against  the  end  of  the 
valve  stem  and  is  secured  by  a.  lock  nut.  In  the  latest  designs 
of  this  type  the  valves  and  tappet  levers  are  covered  by  a 
housing.  In  the  Ferro  eight  cylinder  engine  shown  in  Plate  XXII 
is  used  a  tappet  lever  support  which  can  be  adjusted  while  the 
engine  is  running  and  without  removing  the  valve  gear  cover. 

lateral  and  Ballt>Dp  CamihafU — The  great  majority  of 

the  camshafts  used  in  modern  automobile  motors  are  forged  with 
their  cams  integral  in  the  arop  press  and  are  turned  and  ground 
to  size  in  special  machines.  Some  makers,  however,  prefer  to 
make  the  cams  separately  and  to  fit  them  to  the  shaft.  This 
method  came  somewhat  into  disrepute  in  earlier  years  because 


Fig.  16!*— Ovekhead  Valve  Geak  .. 


278        VALVES  AND  VALVE  GEARS. 

of  inaccurate  fitting  and  securing  the  cams  merely  by  tapei  jin% 
so  that  they  would  occasionally  come  loose.  At  pvesent, 
when  the  cams  are  made  separate  they  are  generally  fitted  by 
means  of  keys  and  held  from  endwise  motion  either  by  spacers 
on  the  shaft  or  by  taper  pins.  The  integral  construction  is,  of 
course,  a  better  manufacturing  method,  since  it  does  away  with 
fitting,  but  the  built  up  construction  has  the  advantage  that  it 
permits  of  hardening  the  cams  more  evenly  and  avoids  danger  of 
distortion.  This  method  is  in  use  by  some  of  the  leading 
manufacturers. 

Dimentions  of  Camshaft— The  camshaft  must  be  compara- 
tively stiff  and  must  be  well  supported,  so  that  it  will  spring  or 
give  very  little  under  the  shock  it  receives  when  opening  the 
valves,  'ihis  shock  is,  of  course,  greatest  in  the  case  of  the 
exhaust  valve,  which  must  be 
lifted  from  its  seat  against 
the  pressure  of  the  gases  in 
the  cylinder  near  the  end  of 
the  expansion  stroke   ^  about  r^ 
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gauge),      io    this    must    be 
added  the  initial  spring  pres-  ,    p|Q^  lyQ 

sure  and  the  inertia  of  the 

valve  and  push  rod  In  the  case  of  the  inlet  valve  only  the 
last  two  items  are  to  be  counted  with,  as  the  valve  does  not  have 
to  be  lifted  against  a  pressure.  The  force  required  to  lift  the 
exhaust  valve  may  be  assumed  to  be  75  pounds  per  square  inch  of 
valve  area.  In  Fig.  170  is  shown  a  section  of  a  camshaft  of 
diameter  d,  whose  length  between  the  centres  of  adjacent  bear- 
ing is  /.  Let  the  distance  of  the  centre  of  the  cam  from  the 
farthest  bearing  be  jr  /.  Then  the  flexure  of  the  shaft  at  the 
centre  of  the  cam  under  a  total  load  P  will  be 

(See  Merriman,  "A  Textbook  on  the  Mechanics  of  Materials,** 
Fourth  Edition,  page  77)-  The  coefficient  of  elasticity  may  be 
taken  at  30,000,000,  and  the  moment  of  inertia  /  of  a  full  circular 

section  is  ^-^*      Inserting  these  values  in  the  above  equation 
64 

we  have 

8,800,000  rf* 
This  deflection  y  should  not  exceed  0.002  inch.     For  con- 
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venience  in  using  equation  (91)  the  yalues  of  the  expression  in 
parentheses  (^a)  for  values  of  x  from  }4  to  I  inclusive  are 
given  in  the  following  table: 

#■0.5  0.5s  0.6  0.65  0.7 

ttao.ias  o.iaa  0.115  0.104  0.088 

'b0.7S  0.8  0.8s  0.9  0.95 

Oa  0.069  0.051  0.033  o.os6  coos 

Suppose  that  in  a  4  x  5  inch  motor  there  are  three  bearings 
for  the  camshaft,  and  that  the  distance  between  centres  of  bear- 
ings is  10  inches.  If  all  of  the  cams  are  on  one  side,  there  will 
be  four  cams  between  each  pair  of  supports.  Luckily  the  ex- 
haust cams,  on  which  comes  by  far  the  greatest  thrust,  will  be 
close  to  the  bearings,  and  it  is  a  good  plan  to  place  them  right 
alongside  these.  Supposing  the  bearing  to  be  3  inches  long  and 
the  cam  ^  inch  wide,  the  distance  from  the  centre  of  the  cam 
to  the  centre  of  the  farthest  bearing  would  be  8^  inches  and  the 
value  of  a  would  consequently  be  0.04.  The  area  of  the  valve 
port  for  a  i}^  inch  diameter  is  24  square  inches,  and  hence  the 
valve  thrust  is 

2.4  x7s  =  180  pounds. 
Substituting  in  equation  (91)  we  have 


hence 


0.002  =  -—- -7.  X0.04, 

8,800,000  £?* 


r    0.002  X  8,800,000 


However,  since  the  inlet  cams  are  located  much  farther  from  the 
supports,  ^ey  may  cause  the  shaft  to  flex  more  than  the  exhaust 
cams,  even  though  the  thrust  on  them  is  much  less.  The  maxi- 
mum thrust  on  these  cams  may  be  taken  as  twice  the  mean 
spring  pressure,  say,  100  pounds.  These  inlet  cams  would  be. 
about  6^  inches  from  the  farthest  bearing,  consequently  a=o.ii. 
Inserting  in  the  above  equation 


r    0.002  X    8,800,000 


Hence  the  camshaft  should  be,  say,  ^  inch  in  diameter,  and  its 
size  is  determined  by  the  inlet  cam  thrust,  rather  than  the 
exhaust  cam  thrust 

Camshaft  Bearings — Camshafts  for  four  cylinder  motors 
may  be  supported  in  either  three,  four  or  five  bearings.  Theo- 
retically it  is  possible  to  carry  them  in  two  bearings,  but 
this  would  require  a  very  heavy  shaft  and  o£fers  no  practical 
advantages.  With  T-head  motors  one  bearing  may  be  placed  at 
either  end  of  the  camshaft  and  one  between  the  first  and  second 
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and  the  third  and  fourth  cams,  respectively.  In  motors  with 
individual  or  twin  cylinders  a  bearing  is  sometimes  provided  on 
either  side  of  the  cams  for  each  cylinder,  making  five  bearings 
in  all,  but  the  most  usual  practice  is  to  employ  either  three  or 
four  bearings. 

In  earlier  years  it  was  customary  to  place  the  camshaft  bearing 
between  the  crank  casing  and  a  bolted-on  housing.  At  present, 
however,  a  sort  of  tunnel  is  generally  provided  for  the  cam- 
shaft (two  in  case  of  a  motor  with  two  camshafts)  in  the  crank 
case  casting,  with  annular  supports  for  the  camshaft  bearings. 
When  a  built-up  camshaft  is  used  all  of  the  bearings  can  be 
made  in  a  single  piece  and  slipped  over  the  shaft  as  it  is  being 
assembled,  but  in  case  the  camshaft  is  of  integral  construction 
in  order  to  be  able  to  withdraw  It  from  the  camshaft  tunnel, 
either  the  Journal  portions  of  the  shaft  must  be  made  of  such 
diameter  that  when  the  shaft  Is  withdrawn  lengthwise  the 
cams  will  clear  the  bearings,  or  else  the  bearings  must  be 
made  In  halves  and  bolted  together.  The  enlarged-journal 
principle  Is  now  most  largely  employed,  and  an  example  of 
this  type  of  camshaft  Is  shown  in  Fig.  172.  A  camshaft  with 
Journals  of  normal  diameter  and  split  bearing  bushings  is 
illustrated  in  Fig.  171.  The  end  bearings  are  sometimes 
flanged  and  bolted  to  the  end  wall  of  the  crank  case,  which 
is  provided  with  a  boss  for  the  purpose. 

The  length  of  the  camshaft  bearings  depends  more  or  less  upon 
the  arrangement  of  the  camshaft  Where  three  bearings  are  used 
on  a  four  cylinder  camshaft,  the  length  of  each  bearing  can  be 
made  two  to  three  times  the  shaft  diameter;  with  five  bearings 
each  can  be  made  one  and  a  half  times  the  diameter.  The  front 
bearing,  which  carries  the  load  due  to  the  chain  tension  or  gear 
tooth  pressure,  is  often  made  somewhat  longer  than  the  others. 
Bearings  of  the  separable  type  for  the  sake  of  weight  reduction, 
are  made  in  the  form  of  an  inner  and  outer  hub  connected  by  a 
thin  web.  Occasionally  ball  bearings  are  used  on  the  camshaft, 
but  this  practice  is  rare,  owing  to  the  fact  that  the  camshaft  runs 
at  comparatively  low  speed,  its  load  is  light  and  its  lubrication  is 
effected  automatically.  Where  such  bearings  are  used  they  are 
mounted  in  the  crank  case  in  the  same  way  as  plain  bearings. 

Manufacture  of  Cams — Camshafts  with  integral  cams  are 
drop  forged  from  low  carbon  steel,  and  after  being  rough  turned 
are   cemented   or   carbonized   at   the   cam   portions,   and   then 
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quenched,  so  as  to  render  the  cam  surfaces  very  hard  and 
durable  against  wear.  The  cams  are  then  ground  in  a  cam 
grinding  machine. 

Cams  designed  to  be  secured  to  their  shafts  are  made  either 
singly  or  in  pairs  (with  a  hub  extending  between  the  two  cams). 
Such  cams  are  generally  made  from  tool  steel  and  hardened  all 
through.  Separate  cams  are  practically  always  used  when  only 
a  comparatively  small  number  of  engines  of  a  given  design  are 
to  be  built,  say  not  over  loo,  since  in  that  case  it  does  not  pay  to 
make  the  rather  expensive  dies  for  integral  camshaft  forgings. 
Of  late,  however,  machines  have  been  developed  for  either  turn- 
ing or  grinding  integral  camshafts  from  solid  rolled  stock,  at 
nominal  cost 

A  grinding  machine  attachment  for  grinding  individual  cams 
is  illustrated  in  Fig.  173,  and  it  may  be  pointed  out  that  cam 
grinding  machines  designed  to  handle  integral  camshafts  work 
on  practically  the  same  principle.  The  cam  to  be  ground  is  secured 
on  an  arbor  inserted  into  a  spindle  which  carries  the  master  cam 
at  its  other  end.  The  spindle  is  carried  in  a  head  provided  with 
an  upwardly  extending  arm  whereby  it  is  swung  from  the  body 
or  frame  of  the  attachment,  which  is  clamped  to  the  grinder 
frame.  The  swinging  head  is  forced  to  one  side  by  a  coiled 
spring  so  that  the  master  cam  presses  against  a  stationary  shoe 
plate.  The  spindle  carrjdng  the  cams  is  revolved  by  means  of  a 
work  driving  pin  on  the  face  plate  of  the  machine  engaging  with 
the  forked  end  of  a  driving  arm  on  it  In  order  to  make  the 
necessary  allowance  for  wear  in  the  grinding  wheel,  a  set  of 
different  master  cam  shoe  plates  are  furnished  with  the  attach- 
ment, which  are  inserted  one  after  another  as  the  grinding 
wheel  wears  down,  all  of  the  plates  having  contact  surfaces  of 
different  curvature.  The  master  cam  can  also  be  cut  by  means 
of  this  attachment  from  a  template.  A  method  has  recently  been 
developed  of  grinding  the  cam  with  the  flat  sides  of  the  grinding 
wheel,  whereby  inaccuracies  due  to  change  in  curvature  of  the 
grinding  surface  with  wear  are  eliminated. 

For  grinding  an  integral  camshaft  it  is  necessary  to  first  make 
a  master  camshaft  with  all  of  the  cams  correctly  spaced  angularly 
and  longitudinally.  This  camshaft  is  driven  in  ssmchronism  with 
the  camshaft  to  be  ground,  and  acts  on  a  roller  carried  by  a  cross 
slide  carrjring  the  grinding  wheel,  the  roller  being  drawn  against 
the  master  cam  by  a  spring  acting  on  the  cross  slide. 

The  cam  rollers  and  pins  are  generally  made  from  tool  steel 
and  hardened. 

In  motors  for  pleasure  vehicles  great  importance  is  now  at- 


284        VALVES  AND  VALVE  GEARS. 

tached  to  silent  operation  of  the  valves.  The  factors  which 
enhance  silent  valve  action  are  as  follows:  Small  valve  lift, 
light  weight  of  lifted  parts,  careful  design  of  cam  outline  so  as 
to  lift  and  seat  the  valve  gradually,  accurate  adjustment  of 
push  rod  for  clearance  and  a  stiff  and  rigidly  supported  cam- 
shaft.   Valve  housings  filled  with  grease  further  enhance  silence. 

Compression  Relief  Cams — With  large  motors  it  is  de- 
sirable to  reduce  the  compression  when  starting  the  motor  by 
means  of  the  crank,  since  it  takes  a  great  deal  of  physical  ef- 
fort to  turn  over  a  large,  multi-cylinder,  high  compression 
motor  by  hand  against  full  compression.  On  some  motors 
all  of  the  cylinder  pet  cocks  are  connected  together  and  can 
be  opened  simultaneously  from  a  position  convenient  to  the 
operator  when  about  to  crank  the  motor,  whereby  the  effort 
required  in  cranking  is,  of  course,  greatly  reduced.  However, 
the  more  approved  plan  of  relieving  the  compression  for 
starting  consists  in  providing  the  exhaust  cams  with  an  extra 
cam  protuberance  at  one  end  and  nearly  opposite  the  main 
cam  protuberance,  which  holds  the  exhaust  valve  open  dur- 
ing the  first  part  of  the  compression  stroke. 

The  exhaust  camshaft  is  so  arranged  that  it  can  be  slid 
lengthwise  in  its  bearings,  and  the  cams  are  made  consider- 
ably wider  than  the  width  of  the  cam  roller,  so  that  when 
the  camshaft  is  in  its  normal  position  the  cam  roller  does 
not  touch  the  relief  cam.  The  camshaft  is  connected  to 
an  operating  lever  from  which  connection  is  made  to 
a  handle  or  other  operating  device  in  front  of  the 
car.  A  spring  normally  holds  the  camshaft  in  such  a  posi- 
tion that  the  relief  cams  are  out  of  line  with  the  cam  rollers, 
but  when  the  shaft  is  pulled  forward  by  the  operator  the  re- 
lief cams  come  in  line  with  the  cam  rollers  and  the  exhaust 
valves  are  held  open  not  only  during  the  regular  exhaust 
period,  but  also  during  the  first  part  of  the  compression 
period.  The  sides  of  the  relief  cam  protuberances  which  the 
cam  roller  must  mount  are  suitably  inclined.  A  portion  of 
an  exhaust  camshaft  with  relief  cams  and  operating  mechan- 
ism is  shown  in  Fig.  174.  At  the  forward  end  of  the  cam- 
shaft there  is  a  short  shaft,  which  is  so  connected  to  the 
camshaft  that  it  does  not  need  to  turn  with  it,  but  that  the 
camshaft  must  follow  it  whenever  it  is  moved  longitudinally. 
This  short  shaft  is  surrounded  by  a  spring,  which  tends  to 
keep  the  camshaft  in  its  normal  position.  The  forward  end 
of  the  short  shaft  projecting  through  the  cam  gear  housing 
cover  is  flattened  and  pivoted  to  an  operating  lever.    The  cam- 


VALVES  AND  VALVE  GEARS. 


285 


shaft  should  be  fitted  with  a  ball  thrust  bearing  to  take  up  the 
end  thrust  due  to  the  spring. 

Another  common  arrangement  consists  in  surrounding  the 
rear  end  of  tlie  camshaft  with  a  coiled  spring,  which  bears 
against  the  rearmost  cam  and  the  rear  wall  of  the  crank  case 
respectively.  One  of  the  cams  is  formed  with  a  groove  for 
a  sliding  collar,  with  which  engages  a  shipper  lever  secured 
to  an  operating  shaft  extending  through  the  side  wall  of  the 
crank  case. 


Pig.  174. — Compression  Relief  Mechanism. 


Concentric  Valves. — Fig.  175  shows  a  design  of  concentri- 
cally arranged  inlet  and  exhaust  valves  as  used  by  the  H.  H. 
Franklin  Manufacturing  Co.  in  its  air  cooled  motors  for  a  num- 
ber of  years.  At  present  no  such  valves  are  being  used  in  auto- 
mobile motors,  so  far  as  the  writer  knows.  One  advantage  of 
these  valves  is  that  they  permit  of  large  valve  opening  areas  in 
ccnnection  with  a  combustion  chamber  of  cylindrical  or  nearly 
hemispherical  form,  which  is  desirable  from  the  standpoint  of 
thermal  efficiency.  Besides,  the  exhaust  valve  is  cooled  by  the 
fresh  charge  coming  in  through  the  inlet  valve,  and  is,  therefore, 
not  so  easily  pitted  by  the  hot  gases  passing  through  it  The 
Franklin  company  discarded  these  valves  apparently  because  they 
proved  noisier  than  ordinary  valves. 

Attxillary  Exhaust  Ports.— To  insure  the  quickest  oossible 
escape  of  the  exhaust  gases,  the  cylinders  are  sometimes  provided 
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with  ports,  known  as  auxiliary  exhaust  ports,  wtiich  are  uncovered 
by  the  piston  j,ust  before  it  leaches  tlie  bottom  end  of  the  stroke. 
These  pons  are  opened  very  quickly  and  allow  the  greater  portion 
of  the  spent  gases  to  escape  before  the  piston  completes  its  down 
stroke.  Before  it  was  discovered  that  the  exhaust  valve  had  (o 
begin  to  open  some  40  to  45  degrees  before  dead  centre  in  order 
to  insure  the  prompt  clearing  of  the  cylinder,  and  when  one  or 
two  cylinder  motors  were  the  rule,  these  auxiliary  exhaust  ports 
were  very  extensively  used,  since  it  was  found  that  if  the  exhaust 
valve  opened  only  a  little  before  the  end  of  the  stroke  these  ports 
considerably  increased  the  engine  power.  However,  when  four 
cylinder  engines  came  into  use.  a  difficulty  cropped  up.     When 


Fic.    17S. — Franklin   Concen-    Fig.  176.— Franklin  Auxiliary 
IRIC  Valves.  Exhaust  Valve. 

the  burning  gases  are  discharged  through  the  auxiliary  exhaust 
port  of  one  cylinder  into  an  exhaust  pipe  common  to  all  cyl- 
inders, they  may  flow  back  through  the  auxiliary  exhaust  port 
of  one  of  the  other  cylinders  whose  piston  is  at  the  moment  at 
the  end  of  its  inlet  stroke  and  has  therefore  also  uncovered  its 
auxiliary  exhaust  port  In  that  case  the  charge  in  the  latter 
cylinder  may  be  fired,  straining  and  heating  tlie  engine  without 
doing  any  useful  work.  In  order  to  prevent  this  it  is  necessary 
to  place  a  valve  outside  each  of  the  auxiliary  exbanst  ports  which 
will  shut  off  communication  between  the  port  and  the  c 
exhaust  pipe  at  the  end  of  the  inlet  stroke. 
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At  present  the  auxiliary  exhaust  port  is  used  only  on  air  cooled 
motors,  where  it  has  the  great  advantage  that,  since  it  permits 
the  hot  gases  to  escape  quickly,  it  reduces  the  heating  of  the 
cylinder  walls  and  particularly  of  the  exhaust  valve.  The  H.  H. 
Franklin  Manufacturing  Co.»  which  has  used  these  auxiliary 
valves  on  its  air  cooled  motors  (see  Fig.  176),  states  that  only 
about  30  per  cent  of  the  total  quantity  of  exhaust  gas  passes 
through  the  regular  exhaust  valves,  which  begin  to  open  only  at 
the  beginning  of  the  exhaust  stroke.  These  valves  can,  there- 
fore, be  made  smaller  than  would  otherwise  be  permissible; 
they  need  not  be  lifted  against  any  pressure,  and  the  strain  on 
them  and  the  consequent  noise  are  much  reduced.  These  ad- 
vantages are  obtained,  however,  at  the  cost  of  some  complication, 
since  an  extra  valve  per  cylinder  is  required.  But  these  valves 
for  the  auxiliary  ports  need  not  be  absolutely  tight  and  need  not 
be  lifted  against  the  pressure  in  the  cylinder;  consequently  they 
do  not  require  much  care.  The  auxiliary  ports  should  be  made 
comparatively  narrow,  so  they  will  not  reduce  the  effective  length 
of  the  power  stroke  too  much,  and  be  made  to  extend  nearly 
half  way  around  the  cylinder,  being  divided  by  so-cajled  bridges 
into  a  number  of  separate  ports  so  the  piston  rings  ivill  not  catch 
on  the  edges  of  the  port  In  racing  and  aeronautic  motors  the 
auxiliary  ports  often  are  in  the  form  of  holes  drilled  through  the 
cylinder  wall,  the  spent  gases  being  discharged  directly  into  the 
atmosphere. 

Single  Can  Valve  Gear— It  is  possible  to  operate  both  the 
inlet  and  the  exhaust  valve  of  each  cylinder  by  means  of  a  single 
cam.  This  construction,  which  was  first  described  in  Thb  H(»sb- 
LESS  Age  of  February  5,  1902^  gained  considerable  prominence 
through  its  use  on  Fiat  racers  in  1906.  The  Fiat  design  is  illus- 
trated in  Fig.  177.  It  will  be  seen  that  the  two  valves  are  located 
in  the  cylinder  head  at  an  angle  of  30  degrees  with  the  cylinder 
axis  and  are  held  down  to  their  seats  by  a  multiple  leaf  spring. 
They  are  opened  by  means  of  a  rocking  lever  pivoted  to  a  bracket 
screwed  into  the  centre  of  the  cylinder  head,  one  end  of  which 
lever  connects  to  a  valve  rod  extending  down  the  side  of  the  cyl- 
inder and  connecting  with  the  cam  follower  at  its  lower  end.  This 
valve  rod  is  surrounded  by  a  coiled  spring  which  is  stronger  than 
the  flat  spring  holding  the  valves  to  their  seats.  It  will  be  noticed 
that  the  cam  has  both  a  cam  protuberance  for  opening  the  exhaust 
valve  and  a  flat  which  allows  the  valve  rod  to  descend  below  its 
normal  position  and  the  coiled  spring  to  open  the  inlet  valve 
against  the  pressure  of  the  leaf  spring.    A  similar  valve  arrange- 
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ment  was  used  on  Pope-Toledo  stock  cars  in  this  country  for 
some  years.    It  has  been  urged  against  it  that  it  does  not  permit 
of  overiapping  of  the  inlet  and  exhaust  opening  periods,  but  this 
overlapping  does  not  seem  to  be  desired  anyhow. 
Fig.  177  also  illustrates  another  idea  in  valve  construction  which 


Fic.  177. — Fiat  Single  Cam  Mechanism  With  Ported  Inlet 
Valve. 

has  been  resorted  to  in  racing  motors  in  order  to  increase  the 
power  output  This  is  the  ported  inlet  valve.  It  will  be  observed 
that  the  inlet  valve  head  is  provided  with  ports,  so  that  the  charge 
passing  through  the  valve  seat,  instead  of  all  passing  around  the 
outside  of  the  valve  head,  comes  partly  around  the  circnmferecce 


VALVES  AND  VALVE  GEARS.  289 

aai  partly  through  the  ports  in  the  nlvc  head.  This  design  is  m 
product  of  speed  competition  and  has  been  used  on  racers  only. 
Of  late  it  has  become  customary  to  provide  two  inlet  and  two 
exhaust  valves  per  cylinder  in  big  racing  motors. 

Enclosed  Valves — It  k  now  the  practice  in  pleasure  car  motors 
to  enclose  the  whole  valve  mechanism,  to  protect  it  against  dust 
and  muffle  its  noise.  En  bloc  motors  frequently  have  their 
cylinders  cast  with  a  housing  containing  the  valve  springs  and 
push  rods  which  can  be  closed  by  means  oE  a  cover  held  in 


place  by  studs  screwed  into  bosses  cast  on  the  cylinders,  and 
nuts.  Such  a  valve  casing  protects  all  of  the  more  delicate  parts 
of  the  motor,  and  gives  the  motor  that  "ironclad"  appearance 
which  has  long  been  a  feature  of  electric  motors  of  the  street 
railway  and  automobile  types.    A  typical  design  of  such  a  valve 
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housing  IS  illustrated  in  Fig.  178.     This  motor  is  of  the  en 

bloc  type,  ^with  integral  inlet  and  exhaust  passages,    it  has  a 

flange  cast  along  the  under  side  of  the  valve  box,  and  another 

flange  extends  sideways  from  the  lower  end  of  the  casting.   The 

latter  flange,  together  with  the  valve  box  on  top   and  two  side 

walls  at  the  ends  of  the  cylinder  block,  forms  a  housing  for  the 

valves,  which  is  closed  by  a  large  ribbed  cover  plate  cast  of 

aluminum. 
Such  valve  housings  are  also  occasionally  provided  in  motors 

with  twin  cast  cylinders,  but  the  arrangement  is  then  less  ad- 
vantageous, since  four  side  walls  are  required,  and  the  total 
weight  of  the  housing  is  naturally  greater.  In  order  to  attain 
practically  the  same  end  with  less  weight,  protecting  sleeves 
are  sometimes  placed  over  the  valve  springs.  A  design  of  sucb 
sleeves  is  shown  in  Fig.  179.    Each  valve  spring  is  surrounded 

by  two  sleeves,  the  upper  smaller  diameter  one  screwing  into 
the  lower  one.  By  partly  unscrewing  the  smaller  sleeve  from 
the  larger  one,  the  ends  of  the  sleeve  are  forced  against  flanges 
on  the  valve  stem  guide  and  the  push  rod  guide  respectively, 
whereby  a  dust-tight  joint  is  insured.  In  putting  the  sleeves  in 
place  tiie  smaller  one  is  placed  inside  the  larger  one,  and  the 
two  are  held  against  the  valve  box  from  below,  when  the  valve 
may  be  inserted  and  the  spring  and  its  retaining  washer  put  in 
place,  after  which  the  larger  sleeve  may  be  lowered  to  its  regu- 
lar position.  This  latter  method  was  used  when  valve  covers 
first  came  into  vogue,  but  is  now  practically  obsolete. 


CHAPTER  XII. 


CAMSHAFT   AND   ACCESSORIES    DRIVES. 

TLe  camshaft  receives  its  motion  from  the  crankshaft,  from 
which  all  of  the  accessories  must  also  be  driven.  These  acces- 
sories generally  include  a  magneto,  a  water  pump,  an  oil  pump 
and  a  fan,  and  sometimes  also  a  timer,  an  air  pump  and  a  light- 
ing dynamo.  The  camshaft  and  accessories  drives  are  generally 
combined,  all  of  the  parts  deriving  their  motion  from  a  single 
pinion  on  the  crankshaft,  so  it  will  be  advantageous  to  discuss 
the  whole  subject  under  one  head. 

There  has  for  some  time  been  a  gradual  evolution  in  the  de- 
sign of  camshaft  and  accessories  drives,  which  is  still  in 
progress.  The  object  aimed  at  is  quiet  operation  of  the  drives, 
combined  with  the  most  compact  arrangement,  and  the  greatest 
accessibility  of  the  accessories.  Formerly  it  was  the  gen- 
eral custom,  where  camshafts  ran  parallel  with  the  crankshaft, 
to  drive  them  by  spur  gears,  and  to  have  small  spur  gears  for 
the  magneto  and  water  pump  mesh  with  the  camshaft  gears. 
About  1909  helical  camshaft  gears  were  widely  introduced  on 
account  of  their  more  silent  operation,  and  now  the  silent  chain 
bids  fair  to  come  into  use  for  this  purpose  for  the  same  reason. 
In  Europe  it  is  now  customary  to  drive  the  magneto  and  water 
pump  by  means  of  a  cross  shaft  in  front  of  the  motor,  driven 
from  the  camshaft  through  a  pair  of  helical  gears,  and  the  same 
practice  is  finding  favor  in  this  country. 

Arrangement  of  Drive— In  Fig.  180  are  shown  a  number 
of  different  arrangements  of  the  drive  for  one  or  two  camshafts 
located  in  the  crank  chamber,  and  for  the  chief  accessories.  A 
depicts  an  arrangement  which  is  now  practically  obsolete,  but 
was  used  a  good  deal  in  the  early  years  of  four  cylinder  motors. 
Each  of  the  two  camshafts  is  provided  with  a  large  diameter 
spur  gear,  meshing  directly  with  a  pinion  on  the  crankshaft. 
(It  may  be  pointed  out  that  in  this,  the  same  as  in  all  other  dia- 
grams in  Fig.  180,  the  crankshaft  is  indicated  by  a  large  black 
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circle,  and  the  camshafts  are  indicated  by  small  black  circles.) 
With  the  right  hand  camshaft  gear  meshes  a  small  gear  for 
driving  the  pump  and  magneto.  On  a  four  cylinder  motor  the 
magneto  must  be  driven  at  crankshaft  speed,  and  the  magneto 
gear  therefore  has  the  same  number  of  teeth  as  the  crankshaft 
pinion.  The  reason  that  this  arrangement  of  camshaft  gears  has 
been  given  up  is  that  it  necessitates  the  use  of  gears  of  very 
large  pitch  diameter,  resulting  in  very  high  pitch  line  velocities, 
and  it  is  very  difficult  to  make  gears  running  at  a  high  pitch  line 
velocity  operate  silently. 

For  T-head  motors  an  arrangement  like  that  shown  at  B,  or 
one  similar  to  it,  is  now  generally  used.  The  pinion  on  the 
crankshaft  meshes  with  an  idler  gear  of  equal  or  slightly  greater 
pitch  diameter,  which  in  turn  meshes  with  the  two  camshaft 
gears.*  A  comparison  with  arrangement  A  shows  at  once  that 
the  gears  and  pinions  of  arrangement  B  are  much  smaller,  and 
with  an  equal  engine  speed  the  pitch  line  velocity  is  much  less. 
In  this  case  the  magneto  is  located  on  the  left  hand  side  of  the 
motor,  and  the  pump  on  the  right  hand  side,  and  each  has  to  be 
driven  by  a  separate  gear  meshing  with  one  of  the  camshaft 
gears. 

At  C  is  shown  a  camshaft  drive  by  means  of  silent  chains  as 
successfully  used  by  the  Humber  firm  in  England  on  T-head 
motors.  There  are  two  driving  sprockets  on  the  crankshaft, 
which  connect  by  a  silent  chain  each  with  a  driven  sprocket 
on  each  of  the  two  camshafts.  The  right  hand  camshaft  carries 
in  addition  to  the  sprocket  through  which  it  receives  its  motion 
a  driving  sprocket  for  transmitting  motion  by  a  third  sifent  chain 
to  the  driving  shaft  for  the  pump  and  magneto.  At  D  is  shown 
a  silent  chain  drive  for  a  motor  with  all  valves  on  one  side,  and 
with  the  pump  and  magneto  located  on  the  side  opposite  to  the 
valves. 

Diagram  E  shows  an  arrangement  of  the  camshaft'  and  ac- 
cessories drives  which  has  lately  come  into  considerable  favor 
abroad.  Most  of  the  new  European  m()tors  are  of  small  size» 
and  of  the  L-head  type.  The  camshaft  is  driven  from  the  crank- 
shaft directly  through  a  pair  of  spur  gears.  On  the  camshaft  is 
mounted  a  helical  gear  meshing  with  another  helical  gear  on  a 
cross  shaft  above  it,  which  drives  the  magneto  at  one  end  and 
the  pump  at  the  other. 

At  F  is  shown  the  camshaft  drive  employed  on  the  Winton 
Six.  The  crankshaft  pinion  meshes  directly  with  the  camshaft 
gear,  which  latter  in  turn  meshes  with  a  small  gear  for  the 
magneto  and  pump,  and  with  an  idler  transmitting  motion  to  a 
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^riTiDg  gear  for  the  fan.  This  being  a  six  cylinder  motor,  the 
magneto  is  required  to  run  at  ij^  times  crankshaft  speed,  and 
the  magneto  gear,  therefore,  has  only  two-thirds  the  number  of 
teeth  of  the  crankshaft  pinion.  The  fan  is  driven  at  twice 
crankshaft  speed. 


I 


L^ 


Fig.  180. — Diagrams  of  Camshaft  and  Accessories  Drives  on 
Engines  WrrH  One  or  Two  Camshafts  in  Crank  Case. 

In  L-type  engines  both  the  magneto  and  pump  are  generally 
located  either  at  the  valve  side,  or  at  the  ends  of  a  cross  shaft 
in  front,  but  in  a  few  instances  they  are  located  on  the  side  od- 
posite  the  valves,  and  a  drive  like  that  shown  at  G,  with  an 
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idler  between  the  crankshaft  pinion  and  the  magneto  and  pump 
gear  may  then  be  used. 

Engines  with  overhead  camshafts  are  very  ''"are  in  this  country, 
but  are  used  to  quite  an  extent  in  Europe,  fn  Germany  particu- 
larly on  truck  motors.  Two  arrangements  of  the  camshaft  drive 
for  motors  with  overhead  camshafts  are  shown  in  Fig.  181. 


Fig.  181  .—Overhead  Camshaft  Drives. 

That  shown  at  A  is  employed  on  a  German  truck  motor.  There 
is  a  vertical  shaft  at  the  front  of  the  motor  driven  from  the 
crankshaft  by  a  pair  of  mitre  gears,  and  driving  the  camshaft 
through  a  set  of  bevel  gears  in  the  ratio  of  i  to  2.  A  cross- 
shaft  for  the  magneto  and  pump  is  driven  from  the  vertical  shaft 
through  a  pair  of  helical  gears  at  a  ratio  of  x  to  x.  The  vertical 
shaft  also  drives  the  fan  through  a  pair  of  bevel  friction  wheels, 
and  in  addition  carries  the  governor  which,  however,  is  not 
shown  in  the  sketch. 

At  B  is  shown  the  silent  chain  drive  for  the  Germain  over- 
head camshaft  engine.    One  silent  chain  runs  from  a  sprocket 
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on  the  crankshaft  to  a  sprocket  od  a  short  shaft  on  the  side  of 
the  cylinders  from  which  the  water  pump  and  magneto  are 
driven,  and  a  second  silent  chain  runs  from  a  second  sprocket  on 
this  short  shaft  to  the  sprocket  on  the  camshaft  The  first  three 
sprockets  are  of  equal  size,  but  that  on  the  camshaft  has  twice 
the  number  of  teeth  as  the  others.  Both  of  the  overhead  cam- 
shaft driving  gears  here  described  are  completely  enclosed. 

Dimension*  of  Camshaft  Oear»— Since  Jhe  camshaft  or 
■hafts  must  rotate  at  one-half  the  angular  speed  of  the  crank> 
shaft,  the  driven  gear  must  have  twice  the  number  of  teeth  as 
the  crank  shaft  pinion.  If.  spur  or  helical  gears  are  used,  the 
teeth  are  generally  of  eight  pitch,  and  the  gears  arc  made  of  a 
width  of  face 

^  —  j+~"^ (9*) 

This  may  be  increased  by  one-eighth  to  one-quarter  inch  in  the 
case  of  truck  or  other  motors  intended  for  services  in  which 
weight  is  not  of  very  great  importance.     The  driving  pinions 
are  made  of  steel,  and  the   camshaft  gears  of   cast  iron  or 
bronze.    Unless  they  are  carefully  made,  these  gears  may  be  a 
source  of  considerable  noise.    It  is  with  the  object  of  reducing 
this  noise  that  gears  cut  with  helical  teeth  having^  a  tooth  angle 
of  30  degrees  or  thereabout  have  been  largely  substituted  in 
recent  years  for  plain  spur  gears.    The  form  of  the  web  of  the 
gears  also  has  some  effect  on  the  noise.    Occasionally  the  cam- 
shaft gears  are  cast  with  regular  q>okes,  but  more  generally 
they  are  formed  with  d  web  of  about  one-quarter  the  thickness 
of  the  face  of  the  gear,  and  with  a  number  of  large  circular  holes 
evenly  spaced. 
The  most  secure 
method  of  fasten- 
ing  the   camshaft 
gear  to  the  shaft 
consists  in  provid- 
ing the  shaft  with 
an   btegral  flange 
and     bolting     the 
gear  to  it,  and  this 
method    is    em- 
ployed in  a  num- 
ber of  motors  used 
on    cars    of    the 
highest  grade  (see 

Fig,  182M).How-  

ever,    the    more  A.  Fig.  182.  B. 
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common  method  consists  in  fitting  the  gear  by  means  of 
one  or  two  Woodruff  keys  against  a  shoulder  on  the 
shaft,  either  on  a  cylindrical  or  a  tapered  seat.  When  a 
tapered  seat  is  used  the  shaft  is  always  drawn  to  it  by  means  of 
a  special  nut  of  comparatively  small  thickness.  Such  a  nut  is 
sometimes  also  used  in  connection  with  a  cylindrical  seat,  as 
shown  at  B,  Fig.  182,  though  it  is  not  necessary  if  the  gear  is 
prevented  from  drifting  on  its  shaft  by  means  of  the  housing. 
Again,  the  gear  may  be  fastened  to  its  shaft  by  means  of  one 
or  two  taper  pins.  It  is  essential,  of  course,  that  the  gears  be 
fitted  to  the  shaft  with  great  accuracy,  so  far  as  their  angular 
relation  is  concerned,  so  that  the  valves  may  be  properly  timed. 
Some  manufacturers  provide  an  adjustment  by  making  the  cam- 
shaft gear  with  a  separate  flanged  hub,  and  bolting  the  web  of 
the  gear  to  the  flange  of  the  hub  by  three  bolts,  the  bolt  holes 
in  one  of  the  parts  being  oblong  so  as  to  permit  of  angular  ad- 
justment. When  a  helical  spur  gear  drive  is  used  provision  must 
be  made  to  take  up  the  end  thrust  on  the  camshaft. 

Silent  Chain  Camsliaft  Drives — When  silent  chains  are 
employed  for  driving  camshafts,  the  ^  inch  pitch  size  is  usually 
selected,  though  for  small  engines  or  for  driving  accessories 
only,  the  still  smaller  pitches  made  by  one  or  two  of  the  manu- 
facturers of  these  transmission  devices  will  serve.  As  regards 
the  width  of  the  chains  to  be  used,  the  manufacturers  of  the 
Renold  chain  recommend  a  one-half  inch  pitch  chain  1.4  inches 
wide  for  engines  of  4  inch  bore  or  less  with  a  single  camshaft, 
and  1.2  inches  wide  for  double  camshaft  engines.  For  engines 
of  more  than  4  inches  bore  chains  of  the  same  pitch,  and  of 
14  and  1.7  inches  width  for  single  and  double  camshafts  re- 
spectively, are  recommended.  If  a  smaller  size  is  selected,  pro- 
vision must  be  made  for  adjustment,  on  account  of  the  more 
rapid  wear  of  the  smaller  chains. 

Recently  triangular  chain  drives  have  been  extensively  adopted, 
the  chain  running  over  sprockets  on  the  crankshaft,  the 
camshaft  and  the  accessories  drive  shaft,  and  an  adjust- 
ment is  generally  provided  in  connection  with  such  drives, 
most  frequently  on  the  accessories  drive  shaft.  Fig.  183  il- 
lustrates such  a  triangular  drive.  As  regards  sizes,  it  may 
be  stated  that  the  engine  is  of  the  twelve-cylinder  type,  the 
cylinder  dimensions  being  3x5  inches,  and  the  chain  is  of 
5^-inch  pitch  and  1^  inches  width.  Adjustment  is  made  by 
means  of  an  eccentric  bushing  on  which  the  sprocket  pinion 
revolves.  The  accessories  drive  shaft  passes  through  this 
bushing  and  connects  to  the  sprocket  by  a  jaw  clutch  pinned 


CAMSHAFT  AND  ACCESSORIES  DRIVES.  297 
to  the  shaft,  llie  boahliiK  la  supported  In  a  bub  tn  the  chain 
houalng.  For  adjuatment  the  bushing  la  turned  In  its  sup- 
port, and  is  then  clamped  in  poaltion,  as  shown.  Thla  method 
of  chain  adjuatment  originated  with  the  Horse  Chain  Co. 

One  or  the  points  In  connection  vtth  aiteat  chain  drives 
concerning  which  there  baa  been  considerable  discusBlon  is 
the  eOect  of  wear  or  stretch  in  the  chain  on  tbe  timing  of  the 
▼alTBS.  In  the  design  shown  tn  Pig.  183  the  crankshaft 
sprocket  has  SI  teetli,  and  the  camshaft  sprocket  42  teeth. 


Fig.  : 


—Method  of  Adjusting  Triangulak  Caushapt  Dam. 


the  center  distance  being  6.406  Ina.  The  cbain  has  79  Ilnka. 
The  adjustment  will  take  care  of  a  lengthening  of  tae  llnlc, 
when  the  odd  link  (umlsbed  can  be  removed  and  thu  adjust 
ment  set  back  to  aero,  thus  allowing  for  lengthening  of  an- 
other link,  or  H  tn.,  making  a  total  of  1  Inch.  Thus  provi- 
sion Is  made  for  a  lengthening  of  1  inch  in  seventy^ilne  links 
or  0.01266  Inch  per  link,  the  crank  sprocket  being  8.3E5  inch, 
and  the  cam  sprocket  6.691  Inch  pitch  diameter.  Tbd  wheels 
are  on  6.406  inch  centers,  there  are  13  links  la  ths  tension 
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run  to  the  camshaft  wheel,  and  thirteen  times  0.01265  inch 
equals  0.16445  inch  as  a  total,  which  in  itself  permits  of  a 
lag  in  the  timing  of  approximately  2.8  deg.  In  lengthening 
this  amount  the  chain  has  climbed  radially  0.084  in.  on  the 
larger,  and  0.042  in.  on  the  smaller  wheel,  and  this  has  per- 
mitted the  wheel  to  lag  0.072  in.,  equaling  1.2  deg.,  or  a  total 
for  both  causes  of  4  degrees. 

Whipping. — ^A  silent  chain   of  certain  dimensions  has   a 
natural  period  of  vibration,  and  if  this  period  happens  to  be 


Fig.  184. — ^Adjusting  Silent  Chain  by  Means  of  Idler  Wheel. 

equal  to  the  period  of  some  vibrating  force  in  the  engine  at 
any  speed  within  the  normal  range  of  engine  operation,  de- 
structive whipping  is  likely  to  be  set  up.  If  the  chain  centers 
cannot  be  altered  this  tendency  to  whip  may  be  overcome  by 
changing  either  the  depth  of  the  arc  or  the  weight  and  tension 
of  the  chain. 
Another  arrangement,  where  only  the  camshaft  is  driven 
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directly  from  the  crankshaft,  Is  to  introduce  an  Idler  sprocket 
for  purposes  of  adjustment  The  shaft  of  this  sprocket  is 
carried  in  a  slide  which  is  bolted  to  the  crankcase  wall,  and 
by  means  of  elongated  bolt  holes  can  be  moved  closer  to  or 
farther  away  from  the  line  of  centers  of  the  driving  and 
driven  sprockets.    This  is  Illustrated  in  Fig.  184. 

Rules  for  Silent  Chain  Drive  Design. — ^The  following 
rules  for  guidance  In  the  design  of  silent  chain  camshaft 
drives  were  given  by  F.  L.  Morse  in  a  paper  presented  to  the 
S.  A.  E.,  Indiana  Section: 

(1)  The  triangular  drive  is  cheaper  than  double  drives  and 
takes  less  room;  (2)  use  the  shortest  centers  possible  be- 
tween crank  and  camshaft;  (3)  drive  from  crankshaft  to 
camshaft,  and  then  to  accessory  shaft,  not  to  camshaft  through 
the  accessory  shaft;  (4)  chain  wrap  should  be  not  less  than 
five  teeth;  (5)  provide  adjustment,  generally  easiest  on  the 
accessory  shaft;  (6)  use  an  odd  number  of  links  in  the  chain, 
and  an  odd  number  of  teeth  In  the  crankshaft  and  accessory 
drive  shaft  sprocket  when  possible;  (7)  provide  an  oil  lead 
from  the  general  oiling  system  leading  to  the  inside  of  the 
chain;  (8)  design  the  chain  case  so  that  the  chain  can  be 
made  endless,  and  when  on,  the  wheels  can  be  put  in  place; 
(9)  if  adjustment  is  provided  without  taking  off  the  gear- 
case,  provide  a  convenient  means  of  feeling  the  chain  to 
adjust  to  the  right  tension.  Sufficient  room  must  be  allowed 
in  the  chain  case  so  that  In  the  event  of  chain  breakage  the 
chain  can  pile. up  at  the  lowest  point  of  the  housing  without 
danger  of  injuring  the  housing.  This  requires  a  space  be- 
tween the  top  of  the  tooth  and  the  housing  slightly  greater 
than  the  depth  of  the  chain.  The  housing  should  have  a 
clearance  of  1%  Inches  on  the  slack  side  of  the  chain. 

A  simple  method  of  accurately  timing  the  valve  gear  (which 
can  also  be  used  where  the  camshaft  drive  is  by  spur  or  helical 
gears)  is  illustrated  in  Fig.  186.  The  sprocket  on  the  camshaft 
is  provided  with  a  dummy  hub,  and  the  flange  on  this  hub  and 
the  web  of  the  sprocket  are  each  provided  with  three  oblong 
holes  inclined  against  each  other,  through  which  are  passed 
clamping  bolts.  By  removing  these  clamping  bolts  farther  in 
toward  or  out  from  the  camshaft  the  sprocket  will  be  moved 
angularly  with  relation  to  the  camshaft,  and  thus  the  timing 
changed. 

Magneto  and  Pump  Couplings — ^Both  the  magneto  and  the 
water  pump  have  their  own  shafts,  which  must  be  connected  to 
the  driving  shaft  or  shafts  by  some  form  of  coupling.    For 
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drlTlng  the  ptlmp,  a  all^Uy  flexible  conpllog  la  considered  ad- 
TUitageooB  by  some  dealsnen,  for  tbe  rees(»  tbat  U  any  solid 
particlei  sboald  acddeqlally  get  Into  the  pomp,  a  flexible 
drive  would  not  be  Injured  as  easily,  and  If  tbe  pump  sbonld 
ever  freese  np  the  flexible  member  mi^t  protect  It  agaUist 
biJiiTy  wben  the  motor  Is  tamed  over.  In  tbe  case  of  both 
drivea.  It  Is  well  that  the  coupling  allow  of  a  sll^t  dUallgn- 
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sient  of  the  two  shafts  connected,  since  It  Is  very  dlfflcnlt  to 
get  these  shafts  absolutely  In  line  with  each  other. 

In  Fig.  1S6  A  shows  the  leather  type  of  coupling,  which 
Insures  absolute  silence  of  operation.  It  consists  of  two 
brackets  at  right  angles  to  each  other,  secured  by  pins,  keys 
or  set  screws  to  the  driving  and  driven  shafts,  respectively, 
between  which  is  located  a  circular  disc  of  leather,  to  which 
tbe  brackets  are  secured  by  bolts.  At  S  la  shown  the  Bosch 
flexible  coupling  tor  magneto  driving.  This  consists  of  a 
cylindrical  steel  block  with  a  bub  by  which  It  is  secured  to 
the  armature  shaft.  In  the  cylindrical  block  are  cut  two 
radial  slots  which  are  lined  with  fibre  on  tbeir  sides.  To  the 
driving  shaft  la  secured  a  flange  carrying  a  flat  cross-bar, 
conslBtlng  of  a  large  number  of  thin  leaves  of  spring  steeL 
This  cross-bar  fits  in  the  slots  of  tbe  cylindrical  member.  It 
has  a  marked  spring  action,  and  provides  for  tbe  slight  rela- 
tive torsional  movement  between  the  two  members  of  the 
vnupUng  resulting  from  the  varying  resistance  of  the  mag- 
neto armature  In  tbe  course  of  Its  rotation.     It  also  has  a 
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Fig.  186.— Pumf  and  Uagneto  Shaft  Couplings. 

slight  bending  or  twistins  motion  sidew^rs,  thus  permitting  the 
two  shafts  to  be  slightly  out  of  line. 

The  form  of  coupling  most  extensively  used  for  this  purpose  ti 
the  Hookham  joint,  shown  at  C.  This  consists  essentially  of 
three  discs,  the  two  outer  ones  of  which  are  formed  with  hubs 
and  keyed  or  pinned  to  the  driving  and  driven  shafts,  respec- 
tively. The  adjacent  faces  of  these  discs  are  cut  with  diametrical 
slots,  and  between  the  two  discs  is  located  a  floating  disc  with 
tongues  on  opposite  sides  at  right  angles  to  each  other,  which 
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Fig.  187.— Adjustable  Flanged  Coupunc. 
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tongues  exactly  Rt  into  the  grooves  in  the  outer  discs.    It  will 
readily  be  seen  that  this  form  of  coupling  permits  the  two  shafts 
to  be  out  of  centre  without  causing  any  binding  in  the  bearings. 
A  simple  form  of  magneto  coupling  is  that  shown  at  D,  which 
consists  merely  of  two  flanged  bubs  secured  to  the  driving  and 
driven  shafts,  respectively.     One  of  the  flanges  is  cut  with  K 
radial  slot,  and  the  other  is  provided  with  a  substantial  pin  en- 
gaging with  the  slot.    The  slot  is  of  the  exact  width  of  the 
{lin,  and  of  such  depth  that  the  pin  does  not  bottom  in  iL    >. 
Some  designers  merely  use  very  long  driving  shafts  of  com- 
paratively    small     diameter,     which 
they  couple  to  the  magneto  or  pump 
by  means  of  ordinary  flanged  coup- 
lings.   A  flanged  coupling  permitting 
of  very  close  angular  adjustment  of 
the   magneto   is   shown   in   Fig.    187. 
The    two    flanges    are    drilled    with 
boles  closely  spaced  all  around  their 
circumference   one   of  them  having 
two  holes  more  than  the  other.    The 
flanges  are  secured  together  by  means 
of  two  bolts  passed  through  holes  at 
opposite  ends  of  a  diameter,  and  by 
moving  these  bolts  from  hole  to  hole 
the  angular  relation  of  the  driving 
and    driven    parts    will    be    slightly 
changed.    Thus  if  one  flange  has  lo 
and  the  other  i8  holes,  the  driven 
member  can  be  advanced  or  retarded 
in  steps  of  3  degrees  relative  to  the 
driving  member. 

Oil    Pnmp   «Bd   Timer   Drive— 

The    oil   pump    may    be    located   at 

the    side    of    the    oil    well    at    the 

bottom  of  the  crank  chamber,  and 

is  most  conveniently  driven  through 

a    vertical    shaft.      The    timer,    on 

the    other    hand,    should    preferably 

be   located  high  up  at  the   side  of 

the  cylinder,  so  that  it  will  be  ac- 

FiG.  188.— Oil,  Pump  and  cessible    and   the    connections    from 

Times  Deivbl  i[  ,o  the  sparit  plugs  will  be  short 

It  is,  therefore,  also  driven  by  a  vertical  shaft,  and  in  quite 

a  mmiber  of  cases  the  same  shaft  serves  for  the  oil  prnnp  and 
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the  timer.  Fig.  188  illustrates  the  arrangement  The  timer 
must  be  driven  at  camshaft  speed,  and  hence  the  gear  ratio  of 
the  pair  of  helical  gears  by  means  of  which  it  receives  its  mo- 
tion from  the  camshaft  must  be  i:i.  The  driving  pinion  must 
be  of  small  pitch  diameter  because  it  has  to  pass  through  the 
camshaft  tunneL  This  makes  it  difficult  to  get  the  centre  of  the 
vertical  shaft  sufficiently  far  from  the  centre  of  the  camshaft,  so 
that  all  parts  will  clear  the  crankcase,  and  in  order  to  obviate 
this  difficulty  some  designers  use  two  sets  of  helical  gears  for 
the  vertical  shaft  drive,  employing  a  short  horizontal  inter- 
mediate shaft  The  timer  is  also  occasionally  driven  by  bevel 
gears  from  the  rear  end  of  one  of  the  camshafts.  Some  form  of 
universal  coupling,  usually  a  simplified  Hookham  joint,  is  inter- 
posed between  Che  drive  shaft  and  the  pump  shaft  The  timer, 
as  a  rule,  has  no  shaft  of  its  own,  but  is  made  with  a  hub  which 
fits  over  the  driving  shaft  at  its  top  end.  It  must  not  be  over- 
looked that  when  the  camshaft  carries  helical  or  bevel  pinions 
it  is  subject  to  end  thrust  and  should  be  provided  with  thrust 
bearings,  preferably  of  the  ball  type. 

In  pleasure  cars,  which  now  are  commonly  fitted  with  electric 
lighting  and  starting  equipment,  provision  must  also  be  made 
for  driving  the  generator  and  for  transmitting  the  drive  of  the 
starter  to  the  engine.  Unless  the  generator  and  starting  motor 
are  one  and  the  same  machine,  the  starter  generally  drives 
through  the  flywheel.  Gear  teeth  may  be  cut  on  the  rim  of  the 
flywheel,  especially  if  the  latter  is  made  of  cast  steel,  or  else  a 
steel  gear  ring  may  be  bolted  to  the  flywheel.  A  pinion  either  on 
the  armature  shaft  of  the  starter  but  more  generally  on  an  inter- 
mediate shaft  is  drawn  into  mesh  with  the  fisrwheel  gear,  this 
enmeshing  operation  being  performed  either  through  direct  con- 
nection of  the  sliding  pinion  with  the  starter  switch  button,  or 
through  the  action  of  a  solenoid  or  of  a  threaded  shaft  and 
inertia  weight  When  the  flywheel  is  encased  an  opening  must 
be  left  in  the  housing  over  which  the  starter  can  be  bolted. 

Electric  generators  are  driven  in  the  same  way  as  magnetos, 
being  placed  at  the  side  of  the  engine  and  connected  by  a  leather 
or  other  coupling  with  a  shaft  extending  into  the  timing  gear 
housing.  When  both  a  magneto  and  generator  are  used  the 
two  are  sometimes  coupled  together,  thus  employing  the  same 
drive  for  both.  The  speed  of  the  generator  is  then  fixed  by  that 
of  the  magneto. 

Air  pumps  for  tire  inflation  may  be  driven  off  the  magneto  or 
generator  drive  shaft    The  gearing  for  these  air  pumps  may  be 
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left  exposed  as  it  operates  only  while  the  car  is  standing.  A  posi- 
tive clutch  is  provided  for  throwing  the  pump  in  gear  when  it  is 
desired  to  inflate.  Air  pump  bases,  shaft  heights,  shaft  ends, 
etc.,  have  been  standardized  by  the  Society  of  Automobile  En- 
gineers. 


CHAPTER  XIIL 


CRANK   CASE   AND   OILING   SYSTEM. 

The  crank  case  in  an  automobile  motor  serves  as  the  main 
structural  part  which  carries  the  cylinders  and  the  crankshaft 
and  is  in  turn  supported  upon  the  vehicle  frame.  It  also  forms 
a  housing  for  most  of  the  important  working  parts  of  the  en- 
gine, protecting  them  against  dust  and  splashing  mud,  and  it 
performs  important  functions  in  connection  with  the.lubrication 
of  the  motor. 

The  crank  case  generally  forms  a  substantially  cylindrical  hous- 
ing sufficiently  large  in  diameter  to  enable  the  crankshaft  with 
the  connecting  rod  heads  to  rotate  freely  within  it  and  sufficiently 
long  to  accommodate  all  of  the  cylinders  of  the  engine.  It  is 
provided  with  circular  openings  over  which  the  cylinder  castings 
are  bolted,  with  bearings  for  the  crankshaft  and  camshaft,  and 
with  supporting  arms  by  means  of  which  it  is  carried  on  ^he 
main  frame  or  a  subframe. 

Materials — Practically  all  crank  cases  for  pleasure  car  motors 
are  cast  of  aluminum,  which  is  used  on  account  of  its  low 
specific  gravity.  In  reality,  not  pure  aluminum,  but  alloys  con- 
taining a  large  percentage  of  the  metal  are  used,  as  pure. aluminum 
has  not  sufficient  strength  for  the  purpose.  One  of  these  alloys, 
containing  about  8  per  cent  of  copper,  has  a  tensile  strength  of 
18,000  pounds  per  square  inch.  Another,  containing  3  per  cent, 
of  copper  and  15  per  cent  of  zinc,  has  a  tensile  strength  of  22,000 
pounds  per  square  inch.  The  latter  (specific  gravity  =  3)  is,  how- 
ever, somewhat  heavier  than  the  former,  requires  more  care  in 
casting  and  is  more  liable  to  shrinkage  strains,  which  in  part 
makes  up  for  its  somewhat  greater  tensile  strength.  One  or  two 
makers  use  manganese  bronze  for  that  part  of  the  case  which 
carries  the  crankshaft  bearings  and  has  the  st^porting  arms  cast 
integral  with  it.  This  alloy  has  a  tensile  strength  of  from  65,000 
to  70,000  pounds  per  square  inch,  an  elastic  limit  of  about  half 
these  figures,  and  a  specific  gravity  of  8.5    The  crank  cases  of 
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commercial  vehicle  motors  are  generally  made  from  cast  irot^ 
because  the  reduction  in  weight  which  it  would  be  possible  to 
secure  by  means  of  aluminum  does  not  compensate  in  this  case 
for  the  additional  cost.  In  motors  of  the  double  cylinder  opposed 
type  the  crank  cases  are  sometimes  parted  in  the  middle  and  each 
half  is  cast  integral  with  its  respective  cylinder,  and  in  four 
cylinder  en  bloc  motors  the  upper  half  of  the  crank  case  is  also 
sometimes  cast  integral  with  the  cylinder  block,  in  which  cases 
these  parts  are  necessarily  of  iron. 

One  and  Two  Cylinder  Crank  Cases— Crank  cases  for  single 
cylinder  vertical  motors  are  generally  made  in  halves  joined  in  a 
plane  perpendicular  to  the  crankshaft  axis.  The  crank  cases 
of  double  cylinder  opposed  motors  can  be  arranged  in  different 
ways.  It  has  already  been  pointed  out  that  occasionally  they 
are  parted  in  a  vertical  plane  and  each  half  is  cast  integral  with 
the  corresponding  cylinder.  They  may  also  be  cast  in  halves 
parted  in  a  vertical  plane  through  the  crankshaft  centre,  with 
the  cylinders  bolted  on.  Then,  they  may  be  cast  in  halves  parted 
in  a  horizontal  plane  or  cast  in  box  form  with  one  or  two  remov- 
able circular  end  plates. 

A  crank  case  design  for  a  double  cylinder  opposed  motor  is 
shown  in  Fig.  189.  This  type  of  motor  is  used  chiefly  for  light 
commercial  vehicles,  and  the  crank  case  is  made  of  cast  iron.  The 
main  portion  of  the  case  is  cast  in  a  single  piece,  with  openings  on 
opposite  sides  for  the  cylinders — an  opening  at  one  end  through 
which  the  crankshaft  can  be  introduced,  and  an  opening  on  top 
through  which  the  camshaft  with  its  gear  may  be  put  in  place. 
In  double  cylinder  opposed  motors  the  valves  are  generally 
placed  on  top.  It  was  formerly  customary  to  carry  the  cam- 
shaft and  push  rods  on  a  removable  top  plate,  so  the  whole  valve 
mechanism  could  be  removed  together,  but  this  construction  is 
patented,  and  since  the  patent  on  it  has  been  sustained  it  has 
been  given  up  by  some  manufacturers.  Now  the  crank  case  is 
generally  provided  with  square  slots  on  top  into  which  the  cam 
shaft  bearings  fit  and  which  are  closed  by  the  top  plate.  The 
push  rod  guides  are  forced  into  bosses  cast  integral  with  the  case. 

When  one  end  of  the  crank  case  is  cast  integral  the  opening 
at  the  other  end  must  be  of  a  diameter  slightly  greater  than  the 
largest  diameter  of  the  crankshaft.  With  such  a  large  opening 
the  flange  of  the  end  plate  comes  uncomfortably  near  the  bear- 
ing boss  for  the  camshaft,  unless  the  camshaft  is  placed  at  a 
greater  distance  from  the  crankshaft  than  would  otherwise  be 
necessary.  To  avoid  this  difficulty,  removable  end  plates  can  be 
used  on  both  ends  and  the  crankshaft  "wriggled"  into  place  be- 
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fore  either  end  plate  is  bolted  to  the  case»  in  which  case  the  cad 
plates  can  be  of  smaller  diameter.  Another  problem  that  arises 
with  engines  of  this  type,  especially  if  of  relatively  long  stroke, 
is  that  the  distance  between  the  crankshaft  and  camshaft  is 
greater  than  the  required  distance  between  the  cylinder  centre 
and  valve  centre.  This  is  due  to  the  fact  that  in  this  type  of 
engine  the  line  connecting  the  crankshaft  and  camshaft  is  at  right 
angles  to  the  cylinder  axis,  whereas  in  a  vertical  motor  it  makes 
angles  of  from  45  to  60  degrees  with  that  axis.  This  makes  it 
necessary  to  either  place  the  valve  chamber  farther  from  the 
cylinder  axis,  thereby  increasing  the  length  of  the  valve  passage, 


Fig.  189. — Crank  Case  for  Double  Cvwnder  Opposed  Motor. 


and,  consequently,  the  compression  space  wall  area,  or  to  offset 
the  valves  from  the  camshaft  centre  and  provide  the  push  rod 
with  a  sort  of  overhanging  striker. 

Four  and  Six  Cylinder  Crank  Cases — In  crank  cases  for 
four  or  six  cylinder  vertical  motors  there  has  been  a  gradual 
evolution  from  the  earliest  crude  designs,  which  made  it  prac- 
tically impossible  to  adjust  the  crankshaft  bearings  and  difficult 
to  get  at  the  crank  pin  and  wrist  pin  bearings.  Fig.  190  shows  a 
design  which  was  once  much  used,  but  is  now  obsolete.  The 
crankshaft  bearings  are  formed  between  the  lower  and  upper 
halves  of  the  case,  and  the  upper  half  is  cast  with  the  supporting 
arms  and  with  hand  holes  through  which  it  is  possible  to  get  at 
the  connecting  rod  cap  bolt»  ^or  the  purpose  of  adjusting  them. 
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This  design  of  case  is,  of  course,  very  rigid,  but,  on  the  other 
hand,  its  manufacture  involves  a  number  of  difficulties.  The 
boring  tool  cannot  be  observed  by  the  workman  while  the  in- 
termediate bearing  is  being  bored,  that  is,  just  when  the  strain 
on  the  boring  bar  is  greatest  In  fitting  and  scraping  in  the 
bushings  the  case  must  be  repeatedly  taken  apart  and  assembled 
again,  which  adds  to  the  cost  of  manufacture    The  only  way 


Fig.  190. — Bearings  Between  Halves  of  Case. 


in  which  wear  in  the  crankshaft  bushings  can  be  taken  up  is  by 
placing  shims  between  the  bushing  and  the  bearing  hub— a  rather 
unsatisfactory  method  In  order  to  get  at  the  crank  case  bear- 
ings, the  crankshaft,  flywheel,  connecting  rod  and  pistons  have 
to  be  dropped,  and  altogether  the  adjustment  of  the  bearings  of 
this  type  of  case  is  a  most  difficult  problem. 

A  somewhat  similar  design,  in  which  the  crankshaft  bearings 
are  formed  between  the  two  halves  of  the  case  and  the  sup- 
porting arms  are  cast  on  the  lower  half,  has  been  used  by  the 
German  Daimler  Company.  The  general  design  is  illustrated  in 
Fig.  191.  This  type  of  case  possesses  special  advantages  where  the 
motor  is  mounted  on  the  car  in  such,  a  way  that  the  bearings 
cannot  be  gotten  at  from  underneath,  as  where  it  is  located  over 
the  front  axle.  In  order  to  take  up  and  scrape  any  of  the  crank- 
shaft bearings,  the  upper  half  of  the  case  and  cylinders  can  be 
removed  together  as  a  unit  The  workman  then  has  access  to  all 
of  the  principal  working  parts  and  can  work  upon  them  with 
comfort  The  pistons,  piston  rings  and  connecting  rods  can  be 
inspected  and  changed  without  disturbing  the  crankshaft  bear- 
ings. In  adjusting  and  scraping  the  crank  pin  bushings  the  con- 
necting rods  can  be  swung  through  a  half  circle.    If  the  crank- 
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Fig.  191. — Beabings  Carried  by  Lx)wer  Half. 

shaft  bearings  require  adjustment  the  lower  half  of  the  case  need 
not  be  disturbed,  unless  a  new  bushing  is  needed. 

What  is  undoubtedly  the  most  extensively  used  type  of  crank 
case  at  the  present  time  is  illustrated  in  Fig.  192.  All  of  the 
crank  bearings  are  entirely  supported  from  the  top  half,  and  the 
lower  half  of  the  case  serves  only  for  the  protection  of  the 
working  parts  against  dust,  etc.,  and  to  contain  a  supply  of 
lubricant.  This  makes  it  possible  to  run  the  motor  for  short 
periods  with  the  lower  half  of  the  case  removed,  so  all  of  the 
bearings  can  be  thoroughly  examined  and  any  necessary  adjust- 
ments made  with  the  greatest  convenience.  When  this  form  of 
construction  was  first  adopted  the  lower  half  was  made  in  the 
form  of  a  semi-cylindrical  pan  with  partition  walls  between  the 


Fig.  192.— Bearings  Carried  by  Upper  Half. 
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crank  pits  from  i  to  2  inches  high,  so  that  not  all  the  oil  wotild 
run  to  one  end  of  the  case  when  the  car  was  ascending  or 
descending  a  grade,  but  lubricating  systems  have  recently  under- 
gone considerable  change,  and  what  is  known  as  the  pump  cir- 
culating system  is  now  almost  imiversally  used.  This  involves 
the  use  of  oil  troughs  directly  underneath  each  crank,  in  which 
the  oil  is  kept  at  a  constant  level  by  means  of  overflow  pipes, 
and  an  oil  well  or  sump  beneath  these  troughs  in  which  the  over- 
flowing oil  accumulates.  The  oil  trough  and  the  oil  well  may 
both  be  cast  integral  with  the  lower  half  of  the  crank  case,  but 
the  more  usual  plan  is  to  form  the  troughs  in  the  lower  half 
and  make  the  oil  well  a  separate  casting  bolted  to  the  lower 
half.  Another  alternative  consists  in  casting  the  oil  well  integral 
with  the  lower  half  and  inserting  into  it  the  troughs,  which  in 
that  case  may  be  made  of  sheet  metal.  In  small  motors  the 
entire  oil  well  is  sometimes  made  of  pressed  steel. 


Fig.  193. — Barrel  Type  of  Crank  Case. 

In  a  considerable  number  of  engines  the  crank  cases  are  made 
in  barrel  form;  that  is,  the  main  portion  of  the  case  is  made  a 
single  casting,  with  openings  for  circular  bearing  plates,  for  the 
cylinders  and  for  inspection  purposes.  A  case  of  this  type  is 
shown  in  Fig.  193.  The  advantage  of  this  construction  is  that 
with  a  certain  weight  of  metal  it  gives  the  most  rigid  case.  The 
Inspection  holes  may  be  either  at  the  side  or  in  the  bottom,  but 
if  there  is  an  oil  well  at  the  bottom  they  must  be  at  the  sides. 
The  only  valid  objection  which  can  be  raised  against  this  form 
of  construction  is  that  in  order  to  remove  the  crankshaft  it  is 
necessary  to  take  the  engine  out  of  the  car.  Some  crank  cases 
of  this  type  have  been  made  of  such  relatively  large  size,  and 
with  such  large  handholes  on  the  side,  that  piston  and  connect- 
ing rods  could  be  removed  through  these  handholes  without  dis- 
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turbing  other  parts  of  the  motor,  but  m  general  it  would  be 
considered  that  the  end  did  not  justify  the  means. 

General  Design — The  length  of  the  crank  case  depends,  of 
course,  upon  the  size  and  form  of  the  cylinders,  crankshaft  and 
crankshaft  bearings.  The  size  of  the  crankshaft  and  its  bear- 
ings can  be  determined  by  means  of  the  rules  laid  down  in  the 
chapter  on  Crankshafts.  The  crank  case  must  allow  of  the  free 
rotation  of  the  crankshaft  with  the  connecting  rod  heads,  which 
calls  for  a  substantially  cylindrical  form.  However,  if  the  cam- 
shafts are  to  be  placed  in  tunnels  formed  in  the  casing  it  is 
necessary  to  depart  somewhat  from  a  cylindrical  form,  since 
these  shafts  must  necessarily  be  outside  the  circle  described  by 
the  outermost  points  of  the  crank,  and  if  the  crank  case  were 
to  be  made  a  cylinder  of  such  a  diameter  as  to  enclose  the  cam- 
shaft, it  would  be  unduly  bulky.  Moreover,  with  fairly  long 
connecting  rods  it  is  advantageous  to  bring  the  flange  to  which 
the  cylinder  bolts  considerably  higher  above  the  crank  case  centre 
than  the  maximum  radius  of  the  crankshaft  The  oil  well  at 
the  bottom  also  alters  the  external  contour  of  the  case,  but  need 
not  affect  the  cylindrical  form  of  the  crank  case  proper. 

The  cylindrical  form  is  advantageous  not  only  because  of  its 
weight  economy,  but  on  account  of  its  strength.  The  crank  case 
does  not  lend  itself  well  to  mathematical  treatment,  but  must  be 
designed  by  the  use  of  good  engineering  judgment.  The  main 
stresses  to  which  it  is  subjected  are  as  follows :  When  the  explo- 
sion takes  place  in  one  of  the  cylinders  the  cylinder,  owing  to  • 
the  reaction  of  the  explosion  on  its  head,  tries  to  pull  away  from 
the  crank  case,  exerting  a  stress  on  the  cylinder  bolts,  the  crank 
case  bosses  into  which  they  are  secured  and  those  parts  of  the 
crank  case  between  these  bosses  and  the  lower  halves  of  the 
crankshaft  bearings  which  take  the  direct  thrust  of  the  explosion. 
The  torque  reaction  of  the  motor  attacks  the  crank  case  also 
through  the  cylinder  bolts  and  strains  particularly  the  supporting 
arms  and  the  parts  intermediate  between  the  cylinder  flanges  and 
the  arms.  Any  "weaving"  of  the  frame  tends  to  break  off  the 
arms  and  twist  the  crank  case.  In  the  design  of  the  crank  case 
we  must  carefully  consider  each  of  these  different  stresses. 

In  the  first  place  the  cylinders  must  be  firmly  secured  to  the 
crank  case.  It  is  not  well  to  depend  upon  screw  threads  in 
aluminum  for  this  connection,  and  one  or  the  other  of  the 
fastening  means  shown  in  Fig.  194  is  usually  employed.  The 
construction  shown  at  A  involves  the  use  of  a  special  stud  bolt 
turned  with  a  collar  at  its  middle,  which  collar  enters  a  cotmter- 
bore  in  the  boss  for  the  stud.    The  stud  is  bolted  to  the  case  by 
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means  of  this  collar  and  a  castellated  nut  Rules  for  the  size 
of  the  stud  were  given  in  the  chapter  on  The  Cylinder.  The 
lugs  of  the  aluminum  casting  should  have  a  thickness  at  least 
two  and  one-half  times  the  diameter  of  the  stud.  Arrangement  5, 
Fig.  194,  employs  a  special  double  diameter  bolt.  This  has  a 
thread  in  the  aluminum  to  hold  it  in  place  when  the  cylinder 
casting  is  put  on  the  crank  case,  but  the  thread  is  not  depended 
upon  to  take  the  strain  of  the  explosion.  The  lugs  for  the 
outermost  bolts  generally  come  near  the  end  walls  of  the  case 
and  a  reinforcement  or  rib  can  be  provided  between  them. 
Similarly,  the  lugs  for  the  bolts  at  the  middle  of  a  four  unit 
cylinder  block  wilt  come  at  the  same  place  as  the  central  parti- 


FiG.  194— Cvi-iNDER  Bolts. 

tion  wall.  If  there  is  no  partition  wall,  as  in  the  cases  of  four 
cylinder  motors  with  two  bearing  crankshafts,  arch-shaped  stiffen- 
ing ribs  can  be  run  across  the  under  side  of  the  top  wall  of  the 
crank  case,  as  shown  in  Fig.  195.  Such  stiffening  ribs  are  some- 
times also  provided  in  other  types  of  motors  between  cylinder 
openings  where  there  is  no  partition  walL  These  stiffening  ribs 
compensate  for  the  weakening  effect  of  the  bulge  in  the  case 
necessitated  by  the  camshaft  tunnel. 

In  divided  crank  cases  there  is  usually  one  partition  wall  for 
each  intermediate  crankshaft  bearing.  This  partition  wall  is  in 
that  part  which  carries  the  bearings  and  in  both  halves  if  the 
bearings  are  "pinched"  between  them.  Ordinarily  these  parti- 
tion walls  are  provided  with  vertical  ribs  on  both  sides  and 
with  a  flange  at  the  bottom  (see  Fig.  192).  Occasionally,  how- 
ever, in  order  to  secure  still  greater  rigidity,  they  are  made  of 
box  girder  form.    That  is,  there  are  two  partitioo  walls  a  short 
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Fig.  195. 

distance  apart,  which  are  stiffened  by  a  vertical  connecting  web 
at  their  centre.  As  shown  in  Fig.  196,  this  form  of  girder  makes 
a  very  substantial  bearing  support. 

Thickness  of  Sections— The  thickness  of  the  metal  (alumi- 
num) around  the  cylinder  openings  should  be  Ji  inch  per  inch 
of  cylinder  bore.  The  side  walls  of  the  case  are  generally  made 
A  of  an  inch  thick,  which  is  about  the  smallest  thickness  that 
can  be  successfully  cast  where  the  pattern  has  such  a  large  sur- 
face. Around  the  joint  between  the  upper  and  lower  halves  a 
flange  is  run  which  substantially  doubles  the  thickness  of  the 
metal  there.  This  flange  is  made  of  the  same  height  as  its  width. 
If  all  the  bearings  are  supported  by  the  upper  half  the  two  halves 
can  be  joined  by  means  of  A  inch  bolts  for  engines  up  to  4% 
inches  bore,  and  %  inch  bolts  for  engines  of  larger  bore,  spaced 
4  to  5  inches.  These  bolts  should  pass  through  lugs  twice  as  high 


Fig.  196.— Box  Girder  Constructioj* 
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as  the  bolt  diameter  and  of  sufficient  size  to  accommodate  the 
bolt  head  and  nut.  Gaskets  of  tou^  brown  paper  stuck  on  with 
shellac  are  used  between  the  cylinders  and  the  crank  case  and  be- 
tween the  separate  parts  of  the  crank  case  in  order  to  make 
these  joints  oil-tight 

Snpportlns  Arms— Vertical  motors,  as  a  rule,  are  cast  with 
four  supporting  arms,  two  on  each  side,  at  the  front  and  rear, 
respectively.  Occasionallj,  however,  they  are  provided  with  what 
is  known  as  the  three  point  support,  in  which  case  they  have 
only  two  supporting  arms  and  are  in  addition  supported  on  a 
cross  member  of  the  frame  at  either  the  front  or  rear  crankshaft 
bearing.     Integrally  cast  supporting  arms  should  preferably  be 


Fig.  197.— Methods  or  Fastening  Engine  Asms  to  Fkaue  Babs. 


>o  located  that  one  of  their  tides  is  a  direct  continuation  of  an 
end  wall  of  the  casing,  whereby  greater  strength  is  insured.  The 
anna  are  generally  of  channel  section  with  the  open  side  below; 
where  they  join  the  crank  case,  if  the  latter  be  of  the  divided 
typCi  they  are  generally  of  the  full  depth  of  that  part  of  the  case 
with  which  they  are  cast,  and  thence  they  taper  down  to  the 
height  of  the  frame  section  or  less,  if  they  are  secured  to 
the  main  frame.  Motors  are  now  generally  supported  directly 
apon  the  main  frame,  and  the  conventional  method  of  securing 
their  arms  to  the  frame  side  bars  is  shown  at  A  in  Fig.  197. 
The  channel  section  of  the  frame  where  the  supporting  arms 
come  is  filled  with  wood,  the  ledge  on  the  supporting  arm  is 
placed  on  top  of  the  frame  and  a  bolt  is  passed  through  the 
frame  section,  the  wood  filling  and  the  outer  wall  of  the  sup- 
porting arm.    When  the  motor  is  carried  on  a  snbframe  fmade 
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either  of  angle  or  channel  steel)  the  ledges  on  the  arms  are  made 
larger  and  provided  with  one  or  more  bosses  for  bolts  passing 
vertically  through  them  and  through  the  subframe  member.  An 
arm  end  intended  to  be  supported  on  a  subframe  is  shown  at  B 
in  Fig.  197.  The  metal  in  the  arms  is  generally  made  about  H 
inch  thick,  and  j/i  inch  where  the  arm  bolts  to  the  frame. 

Separate  Supporting  Aritit— The  long  supporting  arms  make 
the  crank  case  casting  somewhat  difficult  to  handle  in  machining, 
for  which  reason  some  manufacturers  prefer  to  use  separate 
supporting  arms  of  cast  steel,  manganese  bronze  or  drop  forged 
steeL    Separate  arms  are  quite  popular  with  manufacturers  who 


Fig.  198. 

make  engines  for  the  trade,  since  they  have  to  build  their  engines 
to  fit  frames  of  different  widths,  which  could  not  easily  be  done 
if  the  arms  were  cast  integral.  Separate  supporting  arms  are 
generally  either  of  I  or  channel  cross  section  and  are  secured 
to  the  forward  and  rearward  end  of  the  crank  case,  respectively, 
by  means  of  two  large  bolts  at  each  end,  passing  through  lugs  on 
the  end  wkll  of  the  crank  case,  sometimes  on  either  side  of  the 
outer  crankshaft  bearing  hubs.  Some  foreign  manufacturers 
support  their  engines  by  means  of  steel  tubes  which  are  passed 
through  suitable  lugs  cast  on  the  end  walls  of  the  crank  case 
and  provided  at  their  ends  with  flanged  hubs  which  are  bolted  to 
the  frame  side  bars. 

Breathers— Four  cylinder  vertical  motors,  as  well  as  several 
other  types,  have  to  be  provided  with  so-called  breathers  through 
which  air  may  escape  when  the  volume  of  the  crank  chamber  it 
reduced  owing  to  fhe  unequal  speed  of  the  pistons  during  the 
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upper  and  lower  halves  of  their  stroke,  respectively.  If  no 
breathers  were  provided  an  air  pressure  would  be  created  in  the 
crank  chamber  which  would  tend  to  force  the  oil  contained  in 
the  chamber  through  the  bearings  and  the  joints  of  the  crank 
case.  The  breathers,  of  which  there  are  generally  two,  are  fre- 
quently placed  on  the  supporting  arms,  which  in  that  case  are 
so  formed  that  the  crank  case  chamber  extends  partly  into  them 
(see  Fig.  198).  The  reason  for  placing  the  breathers  on  the 
arms  is  that  they  should  be  comiected  to  a  part  of  the  crank 
case  in  which  there  is  comparatively  little  oil  spray,  so  that  as 
little  oil  as  possible  will  be  forced  out  with  the  air.  Another 
reason  is  that  these  breathers  generally  serve  the  purpose  of  oil 
filling  tubes,  and  when  they  are  placed  on  the  arms  they  are 
somewhat  farther  removed  from  the  cylinders  and  are,  therefore, 
more  accessible  from  the  outside. 


Flc.  199. — Breather  Tubes. 


In  the  design  of  the  breathers  provision  has  to  be  made  for 
separating  the  oil  contained  in  the  air  and  causing  it  to  flow 
back  into  the  crank  chamber.  A  widely  used  form  of  breather 
is  shown  at  A,  Fig.  199.  This  is  in  the  form  of  a  cast  tube  with 
downwardly  inclined  separator  partitions  extending  into  the  tube 
alternately  from  opposite  sides.  The  oil  globules  striking  the 
under  side  of  these  walls  will  adhere  to  them  and  when  sufll- 
cient  oil  has  accumulated  it  will  run  back  into  the  case.  The 
dome  shaped  cover  further  tends  to  collect  the  drops  of  oil  and 
to  return  them  to  the  case,  while  the  air  escapes  through  the 
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narrow  space  between  ttie  tube  and  cover.  At  B  is  shown  a 
design  of  breather  tube  with  somewhat  different  means  for  sepa- 
rating the  oil  globules  from  the  air.  At  the  bottom  of  the 
breather  tube  proper  is  inserted  a  sort  of  thimble  with  perforated 
wall  Near  the  top  of  the  tube  there  is  a  wire  gauze  strainer 
which  tends  to  keep  back  the  oil  globules,  and  the  outlet  from  the 
tube  is  through  numerous  small  holes  in  the  side  wall  of  the  cap. 
At  C  is  shown  an  arrangement  used  by  several  French  designers. 
This  consists  simply  of  a  leather  flap  valve  at  the  top  of  the 
mbe  which  permits  any  excess  of  pressure  in  the  crank  case  to 
equalize  itself.  This  is  based  on  the  idea  that  the  excess  pres- 
sure in  the  crank  case  is  due  to  leakage  of  gas  past  the  pistons 
■nd  rings,  for  which  an  outlet  must  be  provided  if  the  air  and 
gas  are  not  to  blow  the  oil  through  the  bearings. 


Fig.  200.— Cam  Geah  Housing. 

Cam  Oear  HoHiIng— The  camshaft  and  accessories  driving 
gears  are  in  nearly  all  motors  located  at  the  forward  end,  but 
occasionally  they  are  placed  at  the  rear  end.  These  gears  must 
be  completely  enclosed  in  order  that  they  may  be  effectively  lubri* 
cated  and  protected  against  dusi.  In  a  barrel  type  of  crankcase 
the  housing  can  be  made  in  two  parts,  one  formed  integral  with 
the  crank  case  or  its  end  plate,  and  the  other  one  bolted  to  it. 
In  crank  cases  of  the  divided  type  one  part  of  the  gear  housing 
is  cast  with  the  lower  half  of  the  case  and  another  with  the  upper. 
That  part  with  the  lower  half  can  be  in  the  form  of  a  semi- 
cylindrical  chamber  of  the  proper  size  to  accommodate  the  crank- 
shaft pinion,  the  pinion  being  introduced  with  the  crankshaft  from 
above,  or  it  may  be  left  open  in  front  The  parts  of  the  bousing 
are  flanged  at  their  edges  and  bolted  together  so  as  to  form  an 
oiltight  joint.  Some  designers  make  practically  the  whole  hous- 
ing integral  with  the  crank  case  and  make  the  detachable  part  in 
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the  form  of  a  cover  plate,  which  is  sometimes  of  pressed  steel, 
while  others  divide  the  housing  substantially  in  a  central  plane. 
In  a  few  instances  the  gear  housing  is  made  separate  from  the 
crank  case,  divided  in  a  plane  passing  through  the  crankshaft  and 
camshaft  axes,  and  clamped  to  the  forward  crankshaft  and  cam- 
shaft bearing  hubs.  The  parts  of  the  housing  are  held  together 
by  about  ten  cap  screws,  for  which  lugs  must  be  provided  in  the 
castings.  These  lugs  may  be  cast  on  the  outside  walls,  but  it  is 
preferable  to  cast  them  on  the  inside  walls,  since  this  makes  the 
outside  surface  smoother  and  easier  to  keep  clean.  A  typical 
design  of  cam  gear  housing  is  shown  in  Fig.  200. 

Starting  Crank  Support— At  the  present  time  nearly  all 
pleasure  cars  are  provided  with  self-starters  and  no  starting 
crank  is  carried  in  position  at  the  front  of  the  car  as  formerly. 
However,  a  starting  crank  is  still  carried  in  the  tool  box  for 
emergencies  and  a  bearing  must  be  provided  for  it  at  the  forward 
end  of  the  motor.  This  is  either  formed  integral  with  or  bolted 
to  the  cam  gear  housing,  or  it  is  fastened  to  the  forward  cross 
member  of  the  frame.  It  is  now  usual  to  make  the  engaging 
ratchet  of  the  starting  crank  of  the  same  diameter  as  the  shaft 
itself,  so  the  crank  can  be  inserted  into  its  bearing  from  in  front. 
The  front  of  the  bearing  is  ordinarily  closed  by  means  of  a  cap 
to  prevent  dirt  and  water  working  into  it 

However,  the  "permanent"  starting  crank  has  not  been  entirely 
discarded,  being  still  used  on  practically  all  motor  trucks.  If  the 
shaft  is  of  the  same  diameter  as  the  ratchet,  it  may  be  provided 
with  a  circular  groove,  into  which  engages  the  point  of  a 
spring  pressed  plunger  or  a  spring  pressed  steel  ball  carried 
•  in  a  pocket  formed  on  the  bearing,  to  prevent  the  crank  from 
jarring  out.  Generally  two  adjacent  grooves  are  cut  into  the 
shaft  of  the  starting  crank,  so  located  that  the  starting  crank 
ratchet  is  in  engagement  when  the  plunger  or  ball  is  in  one 
groove  and  just  out  of  engagement  when  it  is  in  the  other  groove 
(see  Fig.  200).  The  spring  referred  to  enables  the  crank  to  find 
its  proper  place  when  it  is  thrown  off  by  the  starting  motor.  A 
somewhat  different  arrangement  is  also  widely  used,  in  which 
the  starting  crank  is  pressed  forward  against  a  thrust  bearing 
by  means  of  a  coiled  spring  surrounding  it.  When  it  is  desired 
to  engage  the  starting  crank  the  operator  must  force  it  back 
against  the  pressure  of  this  spring,  which  is  comparatively  light, 
however. 

Bearing  Caps— As  already  stated,  in  divided  crank  cases  the 
bearings  are  generally  formed  between  one-half  of  the  case  and 
caps  bolted  to  same.     If  the  caps  form  the  lower  half  of  the 
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bearing  they  take  the  direct  thruat  of  the  explosion,  v<hile  if  they 
form  the  upper  half  they  are  subject  to  the  force  of  inertia  of  the 
reciprocating  parts  only,  but  since  at  racing  speeds  this  is  sub- 
stantially the  same  as  the  force  of  the  explosion,  the  caps  and 
their  retaining  studs  and  bolts  must  be  the  same  in  either  cast 
The  caps  are  held  to  the  integral  parts  of  the  bearing  hubs  by 
either  two  or  four  bolts  or  studs,  four  being  used  it  the  bearingi 
«re  relatively  long,  on  motors  of  larger  siie  or  of  the  better 
grade.  The  rear  bearing  cap  in  a  motor  with  aU  bearings  sup- 
ported from  the  top  half  of  the  case,  which  bu  to  carry  the 
weight  of  the  flywheel,  should  be  provided  with  lour  bolts  or 


Fic.  201.— Crank  Beamnc  Cap 
AND  Locking  Means. 


Fic.  202.— Oil  Guabd. 


stud*.  Tbe  studs  of  the  caps  should  be  made  of  such  size  that 
their  combined  cross- sectional  area  is  equal  to  one-twelfth  the 
projected  surface  of  the  bearing.  As  in  the  case  of  the  cylinder 
stud^  it  is  not  well  to  depend  upon  threads  in  the  aluminun^ 
and  the  studs  should  therefore  be  backed  up  by  nuts.  A  method 
for  securing  the  nuts  of  the  cap  studs  in  place  is  ilhistrated  in 
Fig.  201.  A  stamping  is  made  of  sheet  brass,  curved  at  the 
middle  to  the  shape  of  the  cap.  with  two  hexagonal  boles  near 
Its  ends  fitting  snugly  over  the  nuts,  and  a  small  round  bole 
at  its  centre  through  which  passes  a  pin  cast  integral  with  dte 
cap,  and  which  takes  a  split  pin  that  holds  the  stamping  in  place. 
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Some  designers  provide  the  bearing  caps  with  ribs  to  help  carry 
off  the  heat  generated  by  friction  in  the  bearing. 

The  integral  part  of  the  bearing  and  its  cap  are  separated  by 
shims  when  first  assembled,  so  that  when  the  bearing  wears  it 
can  be  readjusted  by  removing  one  or  more  of  the  shims  from 
each  side  of  each  bearing.  When  the  bearing  hub  is  made  in 
halves  the  bushing  is  also  made  that  way  and  with  flanges  on 
both  ends  preventing  endwise  dislocation.  Angular  dislocation 
is  prevented  by  one  or  two  pins  through  the  cap  and  bushing, 
or  if  the  bushing  is  of  the  die  cast  type  a  pin  may  be  cast  in- 
tegral with  it,  which  enters  a  hole  into  the  cap  from  the  inside. 

The  bearing  metal  generally  used  is  some  white  brass  or 
babbitt  composition,  the  bushing  being  either  cast  of  this  com- 
position or  cast  of  bronze  and  lined  with  the  composition.  The 
bearing  bushings  are  drilled  with  oil  holes  and  oil  grooves  in  the 
usual  way. 

The  camshaft  bushings  are  cast  of  bearing  bronze,  and  if 
the  camshaft  does  not  extend  beyond  the  rear  bearing  the 
latter  is  generally  closed  at  its  outer  end,  so  that  no  oil  will  be 
lost  through  it.  It  may  either  be  cast  "blind"  at  one  end  or  a 
piece  of  sheet  brass  may  be  soldered  over  the  end. 

Oil  Guards — To  prevent  the  loss  of  oil  through  the  front 
and  rear  crankshaft  bearings,  the  crankshaft  is  provided  with 
oil  guards  at  these  places,  as  already  explained.  These  consist 
of  collars  integral  with  the  shaft  turned  to  a  sharp  edge  from 
which  the  oil  is  flung  off  when  the  crankshaft  turns  at  consider- 
able speed.  An  annular  recess  must  be  formed  in  the  end  of  the 
bearing  hub,  as  shown  in  Fig.  202,  to  catch  the  oil  thus  flung  off 
and  return  it  to  the  bottom  of  the  crank  chamber.  If  the  end 
bearing  is  supported  by  the  upper  half  of  the  crank  chamber  the 
lower  half  is  formed  with  a  sort  of  pocket  equal  in  outside  di- 
mensions to  the  bearing  hub,  into  which  the  oil  thrown  off  by  the 
oil  guard  drops.  If,  on  the  other  hand,  half  of  the  bearing 
is  in  the  lower  half  of  the  crank  case  a  connecting  passage  must 
be  drilled  from  the  oil  guard  recess  to  the  crank  chamber 
through  a  rib  at  the  bottom  of  the  bearing  hubs.  Some  manu- 
facturers use  felt  washers  or  stufling  boxes  at  the  outer  ends 
of  bearings  to  prevent  the  egress  of  oil  and  the  ingress  of  dirt 
and  grit.  Another  method  of  preventing  oil  from  working  out 
of  the  crankcase  consists  in  turning  a  circular  oil  groove  in  the 
bearing  bushing  near  its  outer  end,  in  which  any  oil  working 
toward  the  end  collects  and  whence  it  returns  to  the  case. 
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Hsgneto   and   Pump 

Brackets— The     magneto     is 

generally  set  on  a  bracket  cast 

integral  with  the  upper  half  of 

the  case,  suitably  sirengthened 

by    ribs.     In    designing    this 

bracket  it  is  well  to  remember 

that    most     foreign    magnetos 

measure  45    millimeters    from 

the  hase  to  the  armature  shaft 

centre   and   are   provided   with 

four  ^-inch  dowel  holes  in  the 

base  located  at  the  corners  of 

a   square   with   50  millimeters 

sides;   in   the  largest   models, 

now  rarely  used,  the  height  of 

the  shaft  is  50  millimeters  and 

the  dowels  are  :at  the  corners 

of  a  rectangle  measuring  50  by 

80  millimeters.     The  magneto 

is  generally  secured   in   place 

Fig.  ^03.— Magneto  Bracket,       by  means  of  two  flexible  steel 

bands  anchored  to  the  bracket 

and  provided  with  a  bolted  joint  between  them,  which  makes  the 

magnetc  very  easy  to  remove.  This  is  illustrated  in  Fig.  203.  The 

magnetos  are,  however,  also  provided  with  four  threaded  holes 

in  the  base  and  can  therefore  also  be  secured  to  the  bracket  by 

means  of  cap  screws. 

Most  of  the  water  circulating  pumps  are  manufactured  by  the 
car  manufacturers  themselves, 
and  their  bases  or  supporting 
members  are  of  many  different 
shapes.  Sometimes  the  same 
kind  of  bracket  is  provided  for 
the  pump  as  for  the  magneto, 
while  again  the  pump,  if  of 
the  centrifugal  type,  may  be 
provided  with  an  extension  of 
its  radial  flange  by  which  it  is 
bolted  to  a  supporting  bracket. 
Tic.  204.— CircularTnspection  P"™*'^  *'f^  P"""!"  »'=*>  ^""^  "O" 
Hole  Coveb.  oft*"  fi"e<*  *«  engines. 
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Inspection  Hole  Covers — Some  crank  cases  have  inspection 
holes  and  it  is  a  good  plan  to  provide  their  covers  with 
some  form  of  quick  acting  locking  mechanism  rather  than 
to  secure  them  in  place  by  machine  screws.  One  form  of 
such  locking  mechanisms  consists  merely  of  a  yoke  swivel- 
tng  on  a  stud  secured  into  the  crank  case,  whose  ends  en- 
gage between  projections  cast  near  the  centres  of  adjacent 
cover  plates.  (Fig.  204).  Another  arrangement  is  shown  in 
Fig.  205.  This  cover  is  of  rectangular  shape  and  is  held  in 
place  by  means  of  sliding  bolts  with  tapered  ends  engaging 
into  openings  formed  by  bent  pieces  of  steel  strip  riveted  to  the 
wall  of  the  case  on  the  inside. 


Fig.  205. — Rectangular  Inspection  Hole  Cover. 


On  the  whole  very  few  automobile  motors  are  now  provided 
with  inspection  holes,  there  being  generally  little  room  on  either 
side  of  the  motor  in  a  car. 

Continuous  Web  Construction — Some  manufacturers,  par- 
ticularly those  turning  out  high-priced  cars,  cast  continuous  webs 
on  the  crank  case,  extending  between  the  frame  and  the  crank 
case  and  the  whole  length  of  the  latter,  or  between  the  front  and 
rear  supporting  arms.  The  advantage  of  these  webs  is  that 
they  prevent  road  dust  from  working  up  to  the  cylinders,  valve 
springs  and  other  motor  parts,  tending  to  keep  the  parts 
cleaner.    Fig.*  206  shows  this  construction. 
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SpUah  Lubrication— So  many  different  systems  of  engine 
lubrication  have  been  worked  out  that  it  is  difficult  to  classify 
them.  We  may  distinguish,  however,  between  the  following; 
Plain  splash;  splash  from  constant  level  troughs  with  pump 
circulation;  part  force  feed  and  part  splash;  force  feed  without 
splash;    gravity   feed   without   splash. 

The  simple  splash  system  was  much  u^ed  on  earlier  models  of 
cars.  The  crank  case  contained  a  supply  of  oil  into  which  the 
connecting  rod  head  dipped  at  each  revolution  of  the  crank, 
thereby  splashing  the  oil  over  all  the  interior  parts.  As  the  oil 
worked  out  through  the  bearings  or  past  the  pistons  the  oil  level 
in  the  crank  chamber  fell  and  the  plash  became  weaker.  When 
the  operator  considered  that  the  oil  level  had  become  too  low  he 
would  replenish  the  supply  by  either  pouring  oil  into  the  crank 
chamber  through  a  filUng  hole  or  transferring  it  from  a  supply 
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tank  to  the  craitk  chamber  by  means  of  a  hand  pump  provided 
for  the  purpose. 

The  disadvantages  of  this  system  are  apparent  The  oil  level 
varied  constantly  and  so,  naturally,  did  the  rate  of  supply  of 
lubricant  to  the  bearing  surfaces.  When  the  crank  chamber  was 
replenished  with  oil  the  supply  to  the  cylinder  walls  was  generally 
excessive  and  the  motor  in  consequence  would  pour  dense  smoke 
out  through  Che  muffler.  Some  makers  found  it  necessary,  in 
order  to  reduce  this  smoking,  to  provide  a  baffle  plate  between 
the  cylinder  and  crank  chamber  with  an  opening  in  the  form  of 
a  rectangular  slot  for  the  connecting  rod  to  pass  through.  More- 
over, the  lubrication  required  frequent  attention  from  the  operator, 
and  if  the  latter  was  careless  the  motor  could  easily  be  leriously 
injured  through  tack  of  oiL 
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Mechanical  Oilers — Through  these  deficiencies  splash  lubri- 
cation came  into  disrepute,  and  lubrication  by  means  of  multiple 
feed  mechanical  oilers  came  into  vogue.  These  oilers  consisted 
of  prismatic  oil  reservoirs  containing  a  set  of  plunger  pumps 
forcing  the  oil  through  individual  oil  leads  to  all  the  different 
parts  requiring  lubrication.  There  was  at  least  one  pump  for 
each  lead,  and  oil  was  forced  mechanically  to  each  bearing,  in 
proportion  to  the  speed  of  the  engine.  While  this  system  was 
quite  effective,  its  complication  was  objectionable.  The  oiler 
usually  had  a  belt  drive,  which  involved  an  element  of  uncer- 
tainty, and  the  maze  of  oil  tubes  (sometimes  as  many  as  twelve) 
running  from  the  dashboard  along  the  side  of  the  engine,  ren- 
dered access  to  the  latter  difficult  and  gave  it  a  frail  and  non- 
mechanical  appearance.  Moreover,  there  was  an  adjustment  for 
each  feed  and  the  chances  of  mal-adjustment,  and,  consequently, 
of  improper  lubrication  of  some  bearing,  naturally  increased  with 
the  number  of  feeds.  It  was  felt  that  a  simpler  system  was 
needed  and  one  that  was  at  the  same  time  thoroughly  automatic. 
It  was  then  that  the  pump  circulating  system  was  introduced. 

Gravity  and  Force  Feed — It  will  be  seen  from  the  above 
that  there  are  two  methods  of  feeding  oil  to  the  bearing  sur- 
faces, either  by  gravity  or  by  means  of  mechanical  pressure.  The 
latter  may  be  as  high  as  30  pounds  per  square  inch,  or  even 
higher.  When  oil  is  forced  to  the  bearings  under  considerable 
pressure  there  is  evidently  less  danger  of  it  being  squeezed  out 
by  the  pressure  on  the  bearing.  It  is  generally  agreed  that  with 
pressure  oil  feed  the  specific  pressure  on  the  bearing  can  be 
made  greater  and  the  bearing  will  last  longer  than  with  gravity 
feed.  On  the  other  hand,  the  pressure  feed  system  is  more 
expensive  to  install  and  also  somewhat  less  economical  of  oil 
This  system  is  best  adapted  for  motors  which  are  required  to 
work  at  or  near  their  full  load  capacity  for  long  periods  at 
a  time. 

The  oil  may  also  be  fed  to  the  bearing  surfaces  by  gaseous 
pressure  derived  either  from  the  engine  exhaust  or  an  air  pump. 
This  system  enjoyed  some  popularity  about  the  same  time  that 
mechanical  lubricators  were  in  vogue,  but  is  not  much  used  now. 

Force  Feed  Non-Splash  System — In  this  system  oil  is  drawn 
from  a  reservoir,  generally  located  at  the  bottom  of  the  crank 
case  by  means  of  a  pump  and  is  forced  to  the  main  bearings 
of  the  crankshaft.  A  branch  from  the  oil  delivery  pipe  leads  to 
the  dash,  where  it  connects  to  an  oil  gauge  indicating  the  pres- 
sure acting  upon  the  oil.    After  leaving  the  pump  the  oil  may 
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either  pass  through  a  distributor  which  connects  the  pump  suc- 
cessively with  each  of  the  main  bearings,  or  it  may  divide  be- 
tween leads  to  the  individual  bearings  which  are  connected  in 
parallel  with  low  pressure  system.  The  latter  arrangement  is 
probably  not  quite  as  dependable  as  that  in  which  a  distributor 
is  used,  for  the  reason  that  if  one  of  the  leads  should  become 
clogged  up  all  the  oil  would  pass  through  the  remaining  leads 
and  the  obstruction  might  not  be  dislodged.  A  pressure  regu- 
lator in  the  form  of  a  by-pass  valve  is  connected  to  the  delivery 
side  of  the  pump. 

In  bearings  carrying  a  uniform  or  nearly  uniform  load  it  is  the 
rule  to  feed  the  oil  to  the  side  opposite  to  where  the  pressure 
comes.  In  the  crankshaft,  crank  pin  and  piston 
pin  bearings  of  a  gasoline  motor  the  pressure 
constantly  changes  from  one  side  to  the  other, 
and  it  does  not  seem  to  matter  whether  oil 
is  fed  to  the  under  or  the  upper  side,  both 
methods  being  successfuly  employed. 

The  oil  passes  to  the  main  bearings  through 
oil  tubes  and  passages  drilled  in  the  crank 
chamber  wall.  The  bearing  bushing  is  also 
provided  with  a  drill  hole  from  which  radiate 
the  oil  grooves.  A  radial  hole  in  the  crank- 
shaft registers  with  the  hole  in  the  bushing 
once  every  revolution  of  the  crankshaft  and 
allows  oil  to  enter  the  drilled  passage  in  the 
crankshaft.  A  groove  may  be  cut  in  the  bear- 
ing part  way  around  the  circumference  to  keep 

the  oil  passage  in  the  crankshaft  open  for  a     p      207 Oil 

longer  time.    In  drilling  the  crankshaft,  some  t.'  .^  '  t>-„-,^^ 
manufacturers  provide  oil  pasages  only  from  p^ 

each  of  the  main  bearings  to  the  adjacent 
crank  pin  bearings,  while  others  drill  the  crankshaft  from  end  to 
end,  so  that  in  case  the  oil  lead  to  one  of  the  main  bearings 
should  become  obstructed  oil  would  be  fed  to  that  bearing 
and  the  adjacent  crank  pin  bearings  through  the  other  leads. 
The  oil  is  carried  outward  to  the  crank  pin  bearings  by  centrif- 
ugal force,  in  addition  to  the  pump  pressure  acting  upon  it. 
The  piston  pin  bearing,  which  is  one  of  the  most  difficult  bear- 
ings to  lubricate  satisfactorily,  is  supplied  with  oil  from  the 
crank  pin  bearing  through  a  hole  drilled  through  the  centre  of  the 
connecting  rod  or  through  a  tube  passing  up  alongside  the  con- 
necting rod  or  through  a  hollow  connecting  rod.    (See  Fig.  207.) 

In  this  system  oil  is  ted  at  a  comparatively  fast  rate  and  a  good 
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deal  of  oil  works  through  the  bearings  and  is  thrown  off  the 
crank  arms,  etc,  onto  the  interior  cylinder,  piston  and  crank 
chamber  walls.  This  oil  is  depended  upon  to  lubricate  the  cylin- 
der, the  camshaft  bearings,  the  interior  members  of  the  valve 
gear,  etc.  All  of  the  oil  thus  thrown  off,  except  that  which 
reaches  the  flame  ^wept  surfaces  of  the  cylinder  wall  and  is 
burned,  returns  to  the  bottom  of  the  crank  case  and  collects  in 
the  oil  reservoir,  from  which  it  is  drawn  by  the  pump.  At  the 
pump  inlet  there  is  a  strainer  which  separates  all  metal  dust 
or  particles  of  dirt  from  the  oil  before  it  is  recirculated.  The 
Marmon  oiling  system,  illustrated  in  Fig.  208,  is  of  this  type^ 

The  above  described  system  is  the  extreme  mechanical  system 
in  which  the  largest  number  of  parts  receive  their  lubricant  di- 
rectly by  mechanical  pressure.  From  it  can  be  evolved  a  num- 
ber of  other  systems  by  increasing  the  number  of  bearings  oiled 
by  the  oil  spray  and  correspondingly  reducing  those  oiled  by 
force  feed.    Thus,  for  instance,  the  piston  pin  bearings  may  be 

^.  oiled  by  means  of  the  spray  by  providing  the  small  end  of  the 
connecting  rod  with  oil  pockets  on  top,  as  described  in  connec- 
tion with  the  connecting  rod.  Then,  instead  of  feeding  the  oil 
from  the  crankshaft  main  bearings  to  the  crank  pin  bearings 

.  through  oil  ducts  all  the  way,  the  oil  working  through  the  main 
bearings  at  their  inner  ends  may  be  caught  in  oil  rings,  as  shown 
in  Fig.  209,  and  from  these  conducted  through  diagonal  holes  to 
the  crank  pin  bearing  surfaces.  Such  a  diagonal  hole,  by  the 
way,  is  not  as  objectionable  as  a  radial  hole,  since  a  radial  hole 
considerably  reduces  the  amount  of  stock  at  a  certain  section — 
and  that  usually  at  the  point  of  maximum  stress — thus  tending 
to  concentrate  the  strain  and  considerably  weakening  the  shaft 
In  the  case  of  crankshafts  for  engines  of  short  stroke  as  com- 
pared with  the  bore  it  is  possible  to  drill  inclined  holes  through 
the  crankshaft  main  bearing  crank  arm  and  crank  pin,  thus 
largely  reducing  this  weakening  effect  and  at  the  same  time  doing 
away  with  plugged  holes,  which  are  apt  to  develop  leaks. 

Pressure  Regulator. — ^With  all  force  feed  systemB  there  is 
provided  a  pressure  regulator  which  automatically  keeps  the 
pressure  of  feed  constant,  and  can  be  set  for  different  pres- 
sures. It  consists  of  a  spring-loaded  valve  in  a  bypass  pas- 
sage from  the  delivery  side  of  the  pump  to  the  suction  side. 
When  the  oil  pressure  exceeds  that  for  which  the  valve  is 
set  the  latter  opens  and  allows  some  of  the  oil  to  return  to 
the  pump  inlet  or  to  the  sump,  thereby  relieving  the  pres- 
sure in  the  system.    Under  certain  conditions  when  the  engine 
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iB  new  or  taaa  bad  tte  bearlaga  refitted  It  la  deairable  to  run 
witb  a  higher  preaaure  on  the  oil,  and  thla  can  be  bad  bj 
adJustlDK  the  regulatDr.  In  the  cut  of  the  Marmon  systenL 
the  regulator  la  shown  Dtted  to  the  pump.  Hand  b^paaa 
valves  ar«  Bometlmea  used  In  connection  with  circulating 
splash  ayatems,  to  be  closed  while  the  bearlnga  are  a  tight 
Bt,  and  to  be  opened  when  they  are  worn  In.  If  no  such 
regulators  were  provided  the  engines  would  overall  under 
certain  conditions  and  consequentl?  smoke. 

Qravlty  Feed  Non-Splasb  Syatem— In  the  gravity  feed  oon- 
Eplash  system  an  oil  reservoir  is  carried  somewhere  under  the 
engine  hood,  generally  near  the  cylinders,  so  that  the  oil  will  be 
kept  in  its  normal  state  of  fluidity  in  extremely  cold  weather  by 
the  heat  radiated  by  the  cylinders.  The  reservoir  or  tank  may  be 
placed  slightly  above  the  cylinder  beads  and  oil  fed  from  it  by 


gravity  to  each  of  the  crankshaft  bearings  through  oil  tubes  and 
holes  drilled  in  the  crank  case  wall.  From  the  main  bearings 
the  oil  flows  through  the  hollow  crankshaft  to  the  crankpin 
bearings,  and  possibly  through  tubes  to  the  piston  pin  bearings, 
the  rest  of  the  bearings  being  lubricated  by  the  spray.  This  sys- 
tem is  now  obsolete. 

Circulating  Splaah  System— At  the  present  time  the  most 
popular  method  of  engine  lubrication  is  by  the  circulating  splash 
system.  The  oil  is  carried  in  a  sump  or  an  oil  well  at  the  bot- 
tom of  the  crank  case  from  which  it  is  drawn  by  the  pump 
and  forced  through  a  circulation  indicator  on  the  dash  to  the 
crankshaft  main  bearings,  and  sometimes  also  to  the  cam  gear 
compartment.    The  oil  working  through  the  main  bearings  drains 
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to  the  bottom  of  the  crank  case,  which  is  formed  with 
troughs  into  which  splashers  on  the  connecting  rod  heads  dip 
at  each  revolution  of  the  crankshaft.  The  oil  level  in  the 
troughs  is  kept  constant  by  means  of  overflow  standpipes  or 
holes  in  the  side  wall  of  the  case  through  which  the  excess  oil 
drains  off  to  the  sump  or  oil  well  below.  In  the  system  shown  in 
Fig.  210  the  oil  is  forced  by  the  pump  into  an  oil  passage  formed 
in  the  top  wall  of  the  crank  chamber  and  running  the  entire  length 
thereof.  From  this  main  oil  passage  the  oil  is  conducted  through 
short  tubes  to  the  crankshaft  main  bearings,  the  cam  gear  hous- 
ing and  the  central  camshaft  bearing.    The  tube  leading  to  the 
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rear  main  bearing  leads  through  the  indicator  on  the  dash.  It 
will  be  observed  that  all  of  the  bearings  are  provided  with  splash 
pockets,  so  that  lubrication  would  not  cease  even  if  the  pump 
should  fail  to  work.  Instead  of  to  the  main  bearings,  the  oil 
may  be  fed  directly  to  the  oil  troughs  or  to  both  the  bearings 
and  ihe  troughs. 

One  of  the  difficulties  with  the  splash  systems  in  the  past  has 
been  to  prevent  excessive  lubrication  of  the  cylinder  walls  and 
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consequent  smoking  of  the  motor.  That  is,  if  the  oil  level  is 
carried  sufficiently  high  lo  insure  that  all  of  the  bearings  receive 
an  adequate  supply  of  oil  the  cylinder  walls  will  receive  an  ex- 
cessive amount,  with  the  result  that  the  motor  will  smoke.  This 
it  has  been  atteiqpted  to  remedy  in  the  past  by  means  of  baffle 
plates  between  the  cylinders  and  crank  case  and  by  means  of 
scraper  rings  at  the  bottom  end  of  the  piston  which  are  designed 
to  scrape  off  a  portion  of  the  oil  thrown  onto  the  cylinder  walls. 
The  trouUc  has  been  greatly  reduced  since  it  has  become  cus- 
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tomary  to  ^nd  both  flinders  and  pistons,  which  gives  a  better 
fit  and  does  not  allow  the  oil  to  get  by  the  piston  so  easily. 
Some  manufacturers  cut  one  or  two  oil  grooves  in  the  wall  of 
the  piston,  with  the  upper  side  perpendicular  to  the  cylinder  axis. 
The  upper  edge  of  the  groove  scrapes  the  oil  from  the  cylinder 
wall,  and  the  oil  collecting  in  the  groove  returns  through  holes 
drilled  through  the  piston  wall  to  the  crank  chamber. 

Pntnp  Feed  and  Splaih  System — Some  manufacturers,  in- 
stead of  carrying  the  supply  of  oil  in  an  oil  well,  carry  it  in  a 
tank  placed  near  the  cylinders  from  which  oil  is  pumped  into 
the  separate  compartments  of  the  crank  chamber  at  the  rate  it  is 
consumed  by  the  motor.  The  rate  of  feed  of  the  pump  or  pumps 
is  adjustable.    This,  therefore,  is  a  splash  non-drculating  system. 

Air  DiapUcement  Constant  Level  System — In  another 
system  oil  is  carried  in  a  reservoir  at  the  side  of  the  crank  case 
and  cast  integral  therewith.  From  the  bottom  of  this  reservoir 
lead  two  downwardly  inclined  pipes  into  the  crank  chamber 
compartments,  with  their  mouths  at  the  height  at  wtnch  it  is 
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desired  to  carry  the  oil  level  in  these  compartments.  The  oil 
reservoir  is  air  tight,  and  when  the  mouths  of  the  two  pipes  are 
covered  with  oil  (that  is,  when  the  oil  in  the  crank  chamber 
stands  at  the  proper  level)  the  reservoir  is  "air  bound"  and  no 
oil  can  flow  into  the  crank  case.  When,  however,  the  oil  level 
sinks  below  the  mouths  of  the  tubes,  air  bubbles  will  rise  through 
the  tubes  to  the  top  of  the  reservoir  and  an  equivalent  amount 
of  oil  will  flow  into  the  crank  chamber,  until  the  mouths  of  the 
tubes  are  again  covered  with  oil.  The  amount  of  oil  in  the 
reservoir  is  indicated  by  a  gauge  glass  at  one  corner  of  it.  Along- 
side of  this  gauge  glass  there  is  a  standpipe  from  the  bottom  of 
which  the  oil*  flows  to  the  crank  chamber.  The  opening  at  the 
bottom  of  the  standpipe  is  controlled  by  a  spring  pressed  poppet 
valve  which  is  normally  held  open  by  the  filler  cap  at  the  top  of 
the  standpipe  and  closes  automatically  when  the  cap  is  removed, 
so  no  oil  will  run  out    This  system  is  illustrated  in  Fig.  211. 

Automatic  Circulation  in  Crank  Chamber— ^Instead  of 
providing  a  separate  feed  to  each  compartment  of  the  crank 
chaipber,  some  manufacturers  endeavor  to  keep  the  splash  level 
in  the  different  compartments  substantially  constant  by  means 
of  a  system  of  internal  circulation.  Oil  from  the  sump  is 
pumped  through  a  sight  feed  on  the  dash  into  one  of  the  crank 
case  compartments,  say  the  front  one.  It  is  splashed  around  by 
the  crank  in  this  compartment,  and  the  spray  draining  back  down 
the  walls  of  the  compartment  is  caught  in  inclined  troughs  or 
gutters  on  the  walls  and  conducted  into  the  compartment  directly 
in  the  rear.  There  it  is  splashed  over  the  walls  again,  and 
again  collected  in  an  inclined  trough  and  conveyed  to  the  com- 
partment in  the  rear.  From  the  rearmost  compartment  of  the 
crank  case  it  is  conducted  into  the  sump,  whence  it  is  recircu- 
lated by  a  pump  through  an  indicator.  In  a  system  employed  by 
the  Hupp  Motor  Car  Company  for  a  number  of  years,  the  oil 
circulated  in  the  crank  tase  in  the  manner  described  above,  but 
a  pump  was  dispensed  with,  the  oil  finally  collecting  in  the  fly- 
wheel housing  where  it  was  picked  up  by  the  revolving  fl3rwheel 
from  which  it  was  thrown  off  by  centrifugal  force  and  some  of 
it  caught  in  the  mouth  of  a  passage  leading  to  the  front  com- 
partment. The  method  of  internal  circulation  by  means  of  oil 
gutters  is  illustrated  in  Fig.  212. 

Manufacturers  of  two  cycle  motors  drawing  their  fuel  charge 
through  the  crank  chamber  sometimes  lubricate  them  by  mixing 
oil  with  the  fuel  in  the  proportion  of  1 :20. 

Gear  Oil  Pumps— A  rather  extensively  used  type  of  oil 
circulating  pump  is  the  gear  pump.  This  consists  of  a  casing  in 
which  fit  snugly  two  spur  gears,  one  driven  by  means  of  its  shaft 
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and  the  other  by  meshing  with  the  former.  The  oil  enters  the 
housing  on  the  side  on  which  the  meshing  teeth  separate  and  fills 
the  spaces  between  adjacent  teeth  and  the  wall  of  the  housing. 
It  is  thus  carried  around  with  the  teeth  to  the  opposite  side  of 
the  housing  and  leaves  through  an  opening  there.  As  there  is  ex- 
ceedingly little  pressure  on  the  teeth  of  the  gears,  and  as  they 
run  constantly  in  an  oil  bath  the  wear  is  almost  nil.  The  gear 
pump  is  used  particularly  in  connection  with  force  feed  sys- 
tems, in  which  oil  is  fed  to  the  bearing  surfaces  under  a 
pressure  of,  say,  15  lb.  per  square  inch.  It  is  capable  of  giving 
a  high  pressure  even  at  moderate  speed,  but  the  pressure 
under  which  the  oil  is  'fed  to  the  bearing  is  determined  by  an 
adjustable  relief  valve  or  by-pass  valve. 


Fig.  212. — Internal  Circulation  by  Means  of  Oil  Gutters. 


A  good  rule  in  regard  to  rate  of  circulation  in  circulating 
splash  systems  is  to  provide  for  the  delivery  per  minute  of  25 

cubic  inches  of  oil  per  square  inch  of  projected  bearing  surface 
supplied  directly,  at  the  maximum  speed  of  the  motor.  If  the 
motor  is  provided  with  ball  bearings  and  has  splash  lubrication 
the  oil  may  be  circulated  at  the  rate  of  15  cubic  inches  per  minute 
per  horse  power  at  normal  engine  speed.  Suppose  a  3^  x  5  inch 
motor  having  a  1^  inch  crankshaft  with  three  main  bearings  of 
an  aggregate  length  of  9}i  inches.  The  total  projected  bearing 
surface  then  is 
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954  X  1^  =  16  square  inches, 
and  the  pump  should  move 

16  X  25  =  400  cubic  inches  per  minute 
at  a  speed  oi,  say,  1,800  r.  p.  m. 

The  delivery  of  oil  by  a  gear  pump  may  be  calculated  as  fol- 
lows:    Let  d  be  the  oitch  diameter  of  one  of  the  gears,  p  the 

2 
diametral  pitch,  h  the  height  of  the  teeth  (=  — ),  /  the  face  width 

P 
of  the  gears,  and  n  the  number  of  revolutions  per  minute  (which 

is  generally  equal  to  one-half  the  revolutions  of  the  crankshaft). 

It  may  be  assumed  that  the  spaces  between  the  teeth  are  equal  in 

volume  to  the  teeth.    The  total  volume  of  the  annulus  comprising 

the  teeth  and  the  spaces  is 

Ud  +  hr-(d-hr'^jf  =  w  dh  f. 

The  amount  of  oil  transferred  from  one  side  of  the  housing 
to  the  other  by  one  gear  in  one  revolution  is  evidently  half  this, 
and  the  two  gears  together  transfer  a  quantity  of  oil  which  is 
represented  by  the  above  expression.  This  is  the  theoretical  de- 
livery. The  actual  delivery  is  somewhat  less,  owing  to  leakage 
over  the  ends  of  the  gears  and  between  the  meshing  teeth,  but 
in  calculating  the  required  size  of  pump  the  theoretical  delivery 
can  be  used  as  a  basis. 

Substituting  ..^for  h  and  inserting  n,  the  number  of  revolutions 

of  the  pump  gears  per  minute,  we  have  for  the  quantity  of  oil 

delivered : 

Zirdfn 
Q  = cubic  inches  per  minute (93) 

P 
It  will  be  noticed  that  the  delivery  is  inversely  proportional  to 

the  pitch  number,  hence  a  relatively  small  pitch  number  should 

be  chosen. 

If  for  the  pump  for  our  3^  x  5  inch  motor  we  choose  a  pitch 

of  8  and  a  pitch  diameter  oi  1%  inches  (10  teeth  gears),  then  at 

900  revolutions  per  minute  the  oil  delivery  will  be 

2  X  3.14  X  m  X  900  /_  ^^  ^ 

and  since  400  cubic  inches  is  required  we  have 
.  s  884/  =  400 

/  =  -ggj  =  0.45  +,  say  Vz  inch. 

Feeding  a  liberal  amount  of  oil  to  the  bearings  is  desirable,  be- 
cause the  oil,  in  addition  to  acting  as  a  lubricant,  serves  to  carrj 
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the  bearing,  and  thus  tends 


oS  the  heat  goierated  by  friction 
to  prevent  overheating. 

A  design  of  gear  pump  for  circulating  the  oil  ia  shown  in  Fig. 
213.  The  pump  consists  of  the  housing,  the  cover  and  the  two 
gears.  The  shaft  through  which  the  pump  receives  its  motion 
extends  through  its  bearing,  and  leakage  of  oil  is  prevented  hf 
means  of  a  stuffing  box.  The  idling  gear  revolves  on  a  stud  se- 
cured into  a  blind  hub  formed  on  the  housing.  The  inlet  and 
outlet  openings  are  on  opposite  sides.  Gear  pumps  have  compara- 
tively little  suction  power,  and  for  this  reason   are  generally 


Fia  213.— Geae  Tvfe  of  Pump.     Fig.  214.— Sliding  Vane  Pump. 


placed  at  the  side  of  the  oil  well  so  that  the  oil  flows  into  them 
by  gravity. 

German  designers  often  provide  double  gear  pumps,  there  being 
one  set  of  gears  on  each  side  of  the  bearings.  One  set  of  gears 
is  of  about  half  the  width  of  face  as  the  other,  the  smaller  pump 
delivering  oil  to  the  circulation  indicator  and  the  larger  one  to 
Ihe  distributor.  The  arrangement  has  the  advantage  that  the 
bearings  are  nearly  symmetrically  loaded,  but  its  complication  is 
against  it,  and  the  indications  of  the  circulation  indicator  are 
hardly  as  reliable  as  when  the  oil  delivered  by  the  pump  which 
supplies  the  bearings  flows  through  the  indicator. 

Sliding  Vane  Pump — This  type  of  pump  (Fig.  214),  which 
is  used  to  a  small  extent  for  circulating  the  lubricating  oil,  con- 
sists of  a  cylindrical  chamber  in  which  Is  located  a  disc  Ot  a 
thickness  equal  to  the  internal  height  of  the  chamber  but  of 
smaller  diameter.  The  disc  is  located  eccentrically  with  respect 
to  the  chamber,  and  is  cut  with  a  diametral  slot  dividing  it  into 
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halves,  in  which  slot  are  located  two  sliding  vanes  which  are 
pressed  apart  by  a  flat  spring  between  them.  It  is  apparent  that 
the  volume  of  liqmd  moved  by  such  a  pump  per  revolution  is 
substantially  equal 
to  the  difference  be- 
tween the  volume 
of  the  pump  chamb 
of  the  disc  within  it 
ings  of  gear  and  slid 
pumps  are  made  of  bi 
routing  parts  of  st 
gears  may  be  of  cast 
Planger  Pump- 
plunger  pumps  have  o 
tensive  use  for  circuk 
some  being  placed 
crank  chamber  sm 
directly  from  the  cam 
may  be  (and  occasi 
actuated  by  one  ol 
cams,  but.it  is  bettei 
an  eccentric  on  the  r 
the  purpose,  whicl 
smoother  action.  B 
Fig.  215,  A  is  the 
pump  barrel,  made 
of  brass  tubing,  ^ 
which  is  inserted 
into  the  crank  cham- 
ber from  below 
and  is  held  by  means 
of  rings  cast  on  the 
crank  chamber  walL 
Within  the  barrel  A 
is    the    plunger    B, 

which  is  drilled  out  at  its  lower  end  to  receive  the  coiled  spring 
C.  At  the  bottom  of  the  pump  barrel  is  located  a  ball  valve  D. 
The  spring  rests  upon  the  valve  housing  and  forces  the  plunger 
against  the  eccentric  £  on  the  camshaft  As  the  plunger  moves 
upward  the  space  in  which  the  spring  is  located  increases  in 
volume  and  oil  enters  it  through  the  ball  valve.  When  the 
plunger  is  next  moved  down  by  the  eccentric  the  ball  valve 
closes  and  oil  is  forced  through  the  drill  hole  P  in  the  plunger, 
the  space  formed  by  the  flat  on  the  pltmger,  and  out  through  the 
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check  valve  G  at  the  delivery  opening.  The  delivery  per  stroke 
is,  of  course,  equal  to  the  change  in  volume  oE  the  spring 
chamber. 

A  simpler,  and  eBpaclallr  much  more  accesaihle  plmiger 
pump.  Is  shown  In  Fig.  216.  It  is  operated  by  an  eccentric 
on  the  camshaft,  the  same  as  the  previously  described  de- 
sign, but  Instead  of  being  located  Inelde  the  crank  chamber 
ft  Is  bolted  to  the  side  of  same.  The  plunger  A  Is  drilled 
out  from  one  end,  and  a  colled  spring,  B,  Is  Inserted  In  It, 
which  holds  the  plunger  agalnat  the  eccentric    Ab  the  plun- 


0  Outside  or  Crank 


ger  moves  toward  the  camshaft,  oil  Is  drawn  In  through  the 
ball  check  valve  C,  and  during  the  return  stroke  of  the 
plunger  It  Is  forced  through  the  delivery  check  valve  D.  and 
out  through  the  delivery  passage  B.  Exigencies  of  manu- 
facture make  It  necessary  to  make  the  delivery  check  valve 
much  larger  than  the  suction  check  valve,  and  to  Insure  quick 
closing  of  the  delivery  valve  It  is  provided  with  a  spring. 
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OJI  Strainers — The  oil  drawn  in  by  the  pump  must  be 
strained,  so  that  any  metal  dust  worn  off  the  bearings  may  be 
separated  from  it,  because  if  this  metal  dust  should  get  into  the 
bearings  it  would  start  cutting.  The  strainer  should  be  made  o£ 
brass  wire  ganze  of  about  i6  meshes  to  the  inch,  of  such  form 
that  it  can  be  easily  removed  for  cleaning.  It  is  also  well  to 
remember  that  as  the  oil  becomes  dirty  it  will  clog  up  some  of 
the  meshes,  and  in  order  that  the  flow  of  oil  through  the  strainer 


may  not  be  appreciably  impeded  it  should  be  made  of  large  area. 
One  design  of  combined  drain,  strainer  and  overflow  pipe  is 
shown  in  Fig.  217.  This  is  in  the  form  of  a  hollow  cylindrical 
casing  screwing  into  the  bottom  wall  of  the  crank  chamber, 
which  is  covered  with  a  layer  of  wire  gauze.  The  joint  in  the 
bottom  of  the  oil  well  is  rendered  oiltight  by  means  of  a  gasket 
under  the  flange  of  the  strainer. 

Frequently  the  strainer  is  made  funnel  shaped,  with  the  edge 
of  the  big  end  flared  outwardly,  and  is  inserted  into  the  oil 
well  through  the  opening  over  which  the  pump  is  bolted.  Still 
another  design  of  strainer  is  shown  in  Fig.  218.  In  this  case  a 
gauze  drum  extends  horizontally  through  the  oil  well,  one  end 
fitting  against  a  tapered  seat  at  the  outlet  to  the  pump  and  the 
other  end  being  pressed  against  by  a  large  plug  closing  the  open- 
ing through  which  the  strainer  is  inserted. 

Oil  Level  Qange — When  the  supply  of  oil  is  carried  in  an 
oil  well  at  the  bottom  of  the  crank  case  some  means  must  be 
provided  to  enable  the  operator  to  determine  quickly  how  much 
oil  remains  in  the  welL  Some  manufacturers  merely  provide 
two  try  cocks  in  the  side  of  the  oil  reservoir,  one  of  which  is 
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placed  at  the  lowest  level 
which  the  oil  should  be  allowed 
to  reach.  Others  place  a  "bull's- 
eye"  or  glass  disc  in  the  side  of 
the  well  This  is  not  very  satis- 
factory, since  the  oil  quickly  ac- 
cumulates dirt,  which  settles  on 
the  glass  and  makes  it  practically 
impossible  to  distinguish  the  oil 
leveL 

The  most  satisfactory  form  of 
level  gauge  is  a  float  in  a  float 
chamber  communicating  with  the 
oil  well,  as  shown  in  Fig.  219. 
The  float  is  provided  with  a 
stem,  which  extends  up  into  a 
glass  tube  at  the  side  of  the 
upper  half  of  the  crank  cham- 
ber, with  a  black  ball  on  top, 
which,  in  connection  with  scale 
marks  on  the  glass,  gives  an  ac- 
curate idea  of  the  height  of  the 
oil  in  the  well.  Instead  of  bolt- 
ing the  float  chamber  to  the  oil 
well  it  is  sometimes  cast  integral 
with  the  lower  half  of  the  crank 
case,  while  again  the  float 
may  be  placed  in  the  oil  well 
itself. 

Circulation  Indicator — A  pic.  219.— Oil  Level  Indicator. 
continuous  supply  of  lubricant  to 

its  bearing  surfaces  is  almost  as  essential  to  the  proper  opera- 
tion of  a  gasoline  motor  as  breathing  is  to  the  sustenance  of 
human  life.  If  the  oil  feed  stops  it  is  usually  only  a  short 
time  until  destructive  heating  and  cutting  of  the  bearings  begins, 
and  there  should,  therefore,  be  some  device  constantly  indicat- 
ing to  the  driver  that  the  oil  is  being  fed  properly.  If  oil  is 
supplied  to  the  bearings  under  pressure  a  pressure  gauge  or  in- 
dicator on  the  dash  will  serve  the  purpose,  since  the  oil  feed 
could  only  stop  if  the  pump  should  cease  to  work  or  an  oil 
lead  should  break,  in  either  of  which  cases  the  pressure  in  the 
system  would  become  nil 

In  the  case  of  the  ordinary  circulating  systems  the  general 
practice  is  to  carry  either  all  the  oil  or  that  fed  to  one  bearing 
or  one  crank  case  compartment,  to  the  dashboard,   where  it 
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passes  through  a  circulation  indicator. 
The  most  familiar  form  of  circula- 
tion indicator  is  of  the  fountain 
type,  as  illustrated  in  Fig.  220.  It 
consists  of  a  brass  base  bolted  to 
the  dash,  in  which  there  are  two 
oil  channels  with  threaded  connec- 
tions in  front  of  the  diash.  The  oil 
channels  open  on  the  top  side  of  the 
base,  and  one,  the  inlet  channel,  is 
provided  with  a  short  standpipe,  the 
top  end  of  which  is  curved  in  a  half 
circle,  so  that  it  discharges  down- 
wardly. On  the  base  rests  a  glass 
cylinder  with  a  brass  cap  which  is 
screwed  to  a  threaded  projection  of 
the  standpipe  at  the  centre  of  the 
glass  cylinder.  When  the  oil  is  cir- 
culating it  gushes  from  the  stand- 
pipe. 

Oil  Distributor— The  oil  dis- 
tributor used  in  some  motor  lubri- 
cating systems,  and  which  is  some- 
times combined  with  the  pump,  con- 
sists of  a  housing  in  which  rotates 
a  disc  with  an  oil  channel  in  one 
face  which  places  a  central  opening 
in  the  cover  through  which  the  oil 
arrives,  in  communication  successively 
with  delivery  openings  arranged  concentrically.  Fig.  221  shows 
the  construction.  The  oil  ports  should  be  so  arranged  tnat  the 
passage  through  the  distributor  is  never  closed.  If  some  of  the 
bearings  supplied  by  the  distributor  require  more  oil  than  others 
this  can  easily  be  arranged  for  by  making  the  outlet  ports  so  as 
to  extend  over  different  angles.  The  oil  distributor  must  be 
driven  from  the  engine. 

Filling  Holes  and  Drain  Plugs — Oil  is  generally  poured 
into  the  crank  chamber  through  the  breather  tubes.  The  or- 
dinary design  of  breather  tube,  however,  does  not  admit  of 
pouring  the  oil  in  rapidly,  and  for  this  reason  breather  tubes' 
are  now  sometimes  made  funnel  shaped  with  a  hinged  cover,  as 
shown  in  Fig.  222.  The  cover  is  provided  with  a  wire  screen 
through  which  the  motor  "breathes." 


Fig.  220.— CIRCULATI0^ 
Indicator. 
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Fic.  221.— Oil  DismiBuittt. 


Drain  plugs  or  cocks  should  be  placed  in  the  bottom  of  the 
oil  well  so  as  to  permit  of  draining  off  all  oil  after  it  has  be- 
come contaminated.  Provisions  should  also  be  made  for  drain- 
ing the  splash  chambers,  and  it  is  a  good  plan  to  have  the  bot- 
tom of  the  oil  well  and  splash  chambers  slope  slightly  toward 
the  drain  plug.  All  cocks  fitted  to  the  bottom  of  automobile 
motors  should  be  >o  arranged  that  they  are  dosed  when  the 
handle  points  downward,  so  they 
cannot  possibly  jar  open. 

Size  of  Oil  CoadulU— The  oil  | 
pipes  and  conduits  in  circulating  ((• 
systems   are    frequently  made  of 
inadequate  size,  which  is  probably 
due  to  the  fact  that  in  systems 
where  oil  is  fed  as  it  is  consumed 
the  rate  of  feed  is  very  slow,  andiffp 
very    small    tubes    are    therefore  1'*^  "  ' 
used;   so  engineers  have  come  to 
consider  very  small  tubes  adequate 
for  conveying  oil.    In  circulating 
systems  the  rate  of  flow  through 
the  tubes,  based  on  the  theoret- 
ical deUve:y  of  the  pump,  should        tic.  222.— Oil  Filles 
not  exceed  aoo  feet  per  minute.  Hole  and  Cap. 

and  conduits  formed  in  the  crank  case  should  preferably  be 
larger.  All  oil  holes  from  pockets  to  bearings  should  also  be 
of  large  size,  because  there  is  no  pressure  on  the  oil  caught  in 
the  pockets,  and  when  it  is  cold  it  does  not  flow  easily  through 
small  boles. 
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Lubrication  of  V  Engines. — ^Wlth  V  type  engines  splash 
lubrication  is  impracticable  because  one  set  of  cylinders  would 
receive  much  more  oil  than  the  other,  and  either  one  set 
would  smoke  or  the  other  run  dry.  Cylinders  may,  of  course, 
be  lubricated  by  the  oil  working  out  from  the  ends  of  the 
connecting  rod  bearings,  as  this  is  thrown  equally  in  all  di- 
rections. This  spray  may  also  be  depended  on  for  lubricat- 
ing the  piston  pin  and  camshaft  bearings,  which  in  that  case 
are  provided  with  pockets,  but  some  designers  prefer  to 
conduct  oil  to  all  these  bearings  through  tubes  or  passages. 
Aside  from  the  fact  that  trough-splash  lubrication  cannot  be 
used  on  V  motors  there  is  no  difference  between  the  lubrica- 
tion systems  of  these  and  vertical  motors,  respectively. 

In  all  pump-operated  systems  the  rate  of  circulation  or  the 
oil  pressure  increases  with  the  engine  speed.  It  is  held  by 
some  engineers  that  the  rate  of  oil  feed  should  also  increase 
with  the  load  on  the  engine.  This  theory  was  first  pro- 
pounded and  acted  on  by  the  various  licensees  under  the 
Knight  sleeve  valve  engine  patent,  who  use  splash  troughs 
under  the  connecting  rod  heads  which  are  raised  and  lowered 
through  connection  with  the  throttle  lever.  This  arrange- 
ment is  illustrated  in  the  chapter  on  these  engines.  Recently 
some  makers  of  poppet  valve  engines  have  adopted  a  similar 
method  of  lubrication  control.  Thus  in  the  Hudson  engine, 
which  is  fitted  with  a  horizontal  plunger  type  oil  pump,  op- 
erated by  an  eccentric  off  the  camshaft,  a  control  eccentric 
is  provided  which  is  connected  to  the  throttle  lever  and  lim-' 
its  the  stroke  of  the  plunger  toward  the  camshaft 

With  splash  systems  the  difficulty  is  encountered  that  when 
a  car  mounts  a  grade  the  rear  wall  of  the  splash  troughs, 
which  then  determines  the  oil  level  in  the  troughs,  is  lowered 
relative  to  the  lowest  position  of  the  oil  splashers,  with  the 
result  that  less  oil  is  splashed  Just  when  more  is  wanted. 
This  can  be  prevented  by  determining  the  oil  level  by  a  stand- 
pipe  near  the  forward  wall  of  each  trough  and  making  the* 
walls  somewhat  higher  than  the  standpipe,  or  by  making  the 
rear  wall  higher  than  the  forward  one. 

Manufacture  off  Crank  Cases — One  of  the  first  operations 
on  the  castings  of  a  divided  crank  case  is  to  face  off  the  surfaces 
for  the  joints  between  the  crank  case  and  the  cylinders  and  be- 
tween the  several  parts  of  the  crank  case.  Owing  to  the  way 
these  surfaces  are  spread  out,  particularly  the  surfaces  at  the  joint 
between  the  halves,  and  to  the  fact  that  the  castings  are  of  alu- 
minum, an  easy  cutting  metal,  these  operations  are  preferably  per- 
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Fic  223.— Finishing  Top  Face  op  Ckank  Case  in 
Milling  Machine. 
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formed  in  a  milling  machine.  Fig.  223  shows  a  crank  case  being 
machined  in  a  Cincinnati  vertical  milling  machine.  The  cutter  is 
15  inches  in  diameter  and  runs  at  224  r.  p.  m.,  using  a  feed  of 
20  inches  per  minute.  From  }i  inch  to  ^  inch  of  metal  is  re- 
moved ini  the  roughing  cut,  and  the  finishing  cut  is  about  0.010 
inch  deep.  The  work  is  done  by  first  feeding  across  the  piece  to 
rough  it  off,  then  reversing  the  feed  and  coming  back  at  the 
same  rate  for  the  finishing  cut.  The  table  is,  of  course,  raised  the 
0.010  inch  after  the  roughing  cut  has  been  takeii  and  before  the 
machine  is  reversed  for  the  finishing  cut  The  surfaces  produced 
are  flat  under  a  straight  edge  within  o.ooi  inch  and  parallel  within 
the  same  limit 

In  crank  cases  with  tunnels  for  the  camshafts  there  are  three 
boring  operations  to  be  performed;  namely,  the  boring  for  the 
crankshaft  bearings  or  bearing  plates  and  the  boring  of  the  two 
camshaft  tunnels.  These  three  operations  are  preferably  per- 
formed at  the  same  time,  which  can  be  done  in  a  horizontal  bor- 
ing mill  with  special  fixtures,  as  shown  in  Fig.  224. 

A  crank  case  requires  numerous  holes  to  be  drilled,  and  this  Is 
one  of  the  points  where  labor-saving  machine  tools  can  be  applied 
to  advantage.  The  top  surface  of  the  top  half  requires  holes  to  be 
drilled  for  the  cylinder  bolts,  the  push  rod  guide  bolts,  and  possi- 
bly also  oil  holes  to  the  crankshaft  bearings.  The  bottom  surface  of 
the  top  half  requires  holes  to  be  drilled  for  the  bolts  holding  the 
upper  and  lower  halves  together,  for  the  bearing  cap  bolts,  the 
bearing  bushing  dowels,  and  for  oil  passages  from  oil  pockets. 
The  lower  half  also  requires  numerous  holes  to  be  drilled.  For 
all  these  operations  a  multiple  drill  press  is  a  very  serviceable  tool. 
Fig.  225  shows  a  Baush  multiple  drill  installed  in  the  Cadillac 
plant  in  Detroit,  set  for  drilling  all  of  the  drill  holes  in  the  top 
of  a  barrel  type  crank  case.  As  many  as  twenty-two  holes  are 
thus  drilled  at  the  same  time,  at  two  or  three  different  levels. 
A  drilling  jig  is  used,  and  the  holes,  therefore,  must  come 
accurate. 

Bearing  Bushings. — ^There  are  two  main  types  of  bearing 
bushings  in  use  for  the  main  and  crank  pin  bearings  of 
automobile  engines,  viz.,  bronze-backed,  babbitt-lined  bush- 
ings and  die-cast  bushings  of  babbitt  metal.  As  babbitt 
metal  is  used  for  the  bearing  portion  in  both  cases  the  bearing 
properties  of  both  classes  are  the  same,  and  whether  one  type 
or  the  other  is  preferable  depends  upon  the  relative  weight 
and  cost  The  composition  of  S.  A.  E.  standard  babbitt  is 
given  in  the  appendix.  The  following  information  regarding 
the  mannfactnre  of  the  two  types  of  bearings  is  taken  from 
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a  paper  by  Walter  Betterton,  read  before  the  Graduates  of 
the  London  Section  of  the  Institution  of  Automobile  Engineers 
in  1916: 

Manufacturing  Bronze-Backed  Bushings. — ^There  are  two 
methods  of  manufacturing  Journal  bearings  lined  with  a  plas- 
tic alloy.  The  first  is  to  hand-pour  the  white  metal  lining, 
and  afterwards  machine  the  bore  to  the  correct  size.  The 
second  consists  in  finishing  the  machining  of  the  shell  and 
die  casting  the  lining  under  pressure,  leaving  only  a  few 
thousandths  of  an  inch  for  hand  reaming  when  in  position. 

When  the  lining  is  hand-poured  the  shells  should  be  lined 
as  nearly  as  possible  to  the  finished  size,  as  the  metal  next 
to  the  mandrel  gives  a  much  better  bearing  surface  than 
when  it  is  turned  down.  Therefore,  it  is  obvious  that  if  the 
lining  is  die-cast  in  imder  pressure  to  the  finished  size  an 
excellent  bearing  surface  is  obtained.  It  is  essential  that  the 
two  metals  should  be  in  perfect,  i.e.,  homogeneous  contact. 


A  B 

Fig.  226. — Method  of  Anchoring  Babbitt  in  Shell. 


otherwise,  when  in  use,  the  oil  will  eventually  penetrate  be- 
tween the  lining  and  the  shell,  and  the  working  pressure  will 
set  up  a  hydraulic  pressure  between  the  lining  and  the  shell, 
with  the  result  that  the  bearing  will  be  rapidly  destroyed. 

Keying  Babbitt  Metal  to  Shell. — Two  methods  of  anchor- 
ing the  white  metal  to  the  shell  are  shown  in  Fig.  226. 
With  the  design  shown  at  B  the  operating  conditions  of 
the  white  metal  are  not  nearly  so  severe  as  in  the  case  of 
a  bearing  made  as  shown  at  A.  In  the  first  method  the 
compressive  strength  of  the  metal  hs  really  of  no  vital  im- 
portance, as  the  major  portion  of  the  load  is  taken  on  the 
parallel  portion  at  each  end  of  the  shell.  The  objection 
to  this  method  is  the  liability  of  the  bearing  to  run  hot,  par- 
ticularly at  the  ends,  in  which  case  the  ends  of  the  beariog 
grip  the  shaft,  thereby  causing  the  temperature  of  the  bearing 
to  rise,  and  in  all  probability  cause  the  metal  to  fiow  and 
run  out,  completely  ruining  the  bearing.    In  the  design  shown 
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at  A,  the  fullest  advantage  is  taken  of  the  white  mdtal  sur- 
face by  carrying  it  completely  up  the  radius,  thus  overcom- 
ing the  gripping  action  at  the  ends.  Another  method  consists 
in  drilUng  four  holes  through  the  shell  and  counterboring 
them  from  the  outside,  the  holes  being  filled  by  the  babbitt. 
Following  are  rules  for  the  dimensions  of  bearing  bush- 
ings, which  have  been  found  serviceable  in  practice  with  die- 
cast  bushings:  Let  A  be  the  diameter  of  the  journal;  B,  the 
outside  diameter  of  the  bushing;  C,  the  diameter  of  the 
flanges;  D,  the  thickness  of  the  flanges,  and  E,  the  diameter 
of  the  dowel  lug,  or  stop;  then  for 

Main  Bearings  Connecting  Rod  Bearings 

B  ==  1.2  A  B  =  1.12  A  +  0.06  inch 

D  =  0.1  A  D  =  0.1  A 

E  ^  0.25  A  E  =^  0.25  A 

C  =  B4-0.2A  O  =  B  +  0.12  A  +  0.06  inch 

In  determining  the  proper  dimensions  for  shells  to  be  lined 
with  babbitt  it  must  be  taken  into  consideration  that  these 
shells  must  be  sufficiently  heavy  to  stand  up  against  all 
strains  coming  upon  them  while  being  machined  and  lined. 

Doweling  Bearing  Bushings. — The  bush  form  of  bearing, 
as  employed  for  camshaft  and  timing  gear  Journals,  can 
be  made  of  very  light  section.  For  instance,  die-cast  solid 
bushings  of  2^  inches  bore  and  ^-inch  thickness  of  metal 
have  been  successfully  employed  for  a  considerable  time. 
Moreover,  by  the  die  casting  process  it  is  an  easy  matter  to 
cast  either  a  dowel  pin  or  key  in  the  bearing  to  prevent  the 
latter  from  turning.  This  does  away  with  the  necessity  of 
drilling  the  oil  hole  when  the  bearing  is  in  position,  as  the 
dowel  automatically  locates  the  bearing  before  it  can  be  forced 
into  position.  Further,  it  also  does  away  with  the  necessity 
of  forcing  the  bushing  in  under  heavy  pressure;  and,  further 
still,  that  of  drilling  and  tapping  a  hole  in  the  housing  for 
a  dowel  pin  to  prevent  the  bushing  ftom  turning  aroimd.  A 
bearing  bushing  should  never  be  forced  into  position  under 
heavy  pressure,  but  made  merely  a  light  push  fit,  and  provi- 
sions should  be  made'  for  a  dowel  screw  or,  preferably  when 
die  cast,  a  key  to  prevent  turning  around,  instead  of  relying 
on  the  driving  flt  of  the  bushing  to  take  care  of  this.  Other- 
wise, owing  to  the  light  section,  the  pressure  will  set  up 
strains  which  will  release  themselves  if  the  bearing  should 
run  hot  in  service,  which  would  cause  it  to  "close  in"  on  the 
shaft  when  it  again  resumed  its  normal  temperature,  and,  con- 
sequently, cause  it  to  give  trouble. 


348 


CRANK  CASE  AND  OILING  SYSTEM. 


Oil  Qrooves  In  Bearings. — ^Designers  differ  greatly  on  the 
question  of  oil  grooves.  In  fact  some  of  them  are  against 
providing  any  grooves  whatever,  holding  that  they  reduce  the 
effective  bearing  area  and  also  serve  to  break  down  the  oil 
film.  However,  In  view  of  the  fact  that  fully  90  per  cent,  of 
the  engines  manufactured  today  are  fitted  with  bearings  hav- 
ing oil  grooves,  their  advantage  seems  to  be  generally  ad- 
mitted. Properly  designed  oil  grooves  both  distribute  the 
oil  over  the  surface  of  the  Journal  and  collect  what  would 
be  forced  out  at  the  ends,  and  return  it  to  some  point  where 
it  can  be  used  again. 
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FtG.  227.— Oil  Grooves  Suitable  for  Use  With  Force  Feed 

Lubrication. 


At  A,  in  Fig.  227,  is  shown  a  form  of  grooves  often  used 
in  connection  with  force  lubrication  for  collecting  the  oil 
which  would  otherwise  be  forced  out  at  the  ends.  The  cen- 
tral oil  groove  in  the  same  figure  is  for  the  purpose  of 'dis- 
tributing the  oil  over  the  surface  of  the  journal.  Bearings 
are  sometimes  fitted  which  have  an  annular  groove  cut  in 
the  center.  Whenever  a  groove  of  this  type  is  employed  it 
should  be  staggered,  as  shown  at  B  and  C  in  Fig.  227,  so  as 
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to  prevent  the  formation  of  a  ridge  on  the  shaft  when  wear 
takes  place.  If  the  bearing  be  die  cast  it  would  be  better  to 
make  this  groove  as  shown  at  A  and  D,  in  which  the  oil  has 
a  free  passage  without  being  diverted,  as  in  the  case  of  the 
staggered  groove. 

Bearings  for  Splash  Oiling. — ^When  splash  lubrication  is 
employed  for  the  bearings,  the  oil  should  be  introduced  at 
the  point  where  the  forces  acting  tend  to  separate  the  bearing 
from  the  journal.  It  is  considered  an  advantage,  when  deal- 
ing with  connecting  rod  heads,  to  have  oil  holes  in  the  top 
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Fig.  228.— Oil  Grooves  for  Use  With  Splash  Lubrication. 


half  as  well  as  in  the  bottom  half,  in  which  case  the  oil 
splashed  on  to  the  connecting  rod  member  finds  its  way  into 
the  bearing  when  the  inertia  force  tends  to  separate  the  bear- 
ing from  the  journal  on  the  upper  side.  On  the  other  hand, 
when  forced  lubrication  is  employed  the  oil  should  be  intro- 
duced at  the  point  of  maximum  pressure.  In  this  case  the 
oil  generally  enters  the  crankshaft  through  a  hole  in  the  main 
bearing  journal,  which  connects  with  a  hole  in  the  head  jour* 
nal,  the  supply  being  maintained  by  an  annular  groove  in  the 
bearing.    With  splash  lubrication  very  good  results  have  been 
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obtained  by  drilling  a  hole  at  right  angles  to  the  axis  of  the 
bore,  through  the  center  of  the  connecting  rod  head,  the  oil 
finding  its  way  into  the  chambers  of  the  joints  (see  Fig.  228). 
After  the  oil  has  been  distributed  over  the  surface  of  the  journal 
care  must  be  taken  to  see  that  it  is  not  wiped  off  before  reach- 
ing the  place  for  which  it  is  intended,  therefore  the  bearing 
should  be  chamfered  at  the  joint  so  as  to  make  a  recess  in 
which  the  surplus  oil  may  gather  and  which  will  further  assist, 
when  necessary,  in  distributing  the  lubricant. 

The  most  popular  form  of  hand  cut  oil  groove  is  that  illus- 
trated at  the  top  of  the  second  column  in  Fig.  228.  The  oil  here 
enters  through  a  hole  at  the  center  of  the  bearing  and  is  dis- 
tributed through  X-shaped  grooves  over  the  whole  surface,  these 
grooves  opening  into  the  chamfer  at  the  joint  between  the  half 
bushings.  Neither  the  grooves  nor  the  chamfer  must  extend 
to  the  end  of  the  bushing,  as  that  would  allow  the  oil  to  escape 
from  the  bearing^  and  if  shims  are  used  for  adjusting  the  bear- 
ing, they  must  come  up  close  to  the  bushing,  so  as  to  allow  no 
chance  for  the  oil  to  get  out. 

Manufacture  of  Split  Bronze  Bushings — The  old  method  of 
making  split  bushings  consists  in  casting  the  bearings  solid  in 
halves,  planing  the  faces  which  are  to  go  together  and  then 
soldering  the  halves  together,  after  which  they  can  be  ma- 
chined like  single  piece  bushings.  After  the  machining  opera- 
tions are  completed  the  bushings  are  heated  to  such  a  degree 
that  the  solder  melts,  and  the  halves  are  then  separated  and  the 
solder  is  wiped  off.  This  method  works  very  well  on  a  small 
scale,  but,  of  course,  some  of  the  pieces  are  almost  certain  to 
come  apart  in  the  turning,  and,  besides,  it  is  difficult  to  get  the 
two  halves  absolutely  identical  by  the  ordinary  methods  of 
machining. 

The  jigs  shown  in  Figs.  229  and  250  were  designed  by  Herbert 
E.  Barnes  for  machining  split  camshaft  bushings  that  must  be 
parted  accurately  in  the  centre,  and  were  described  by  him  in 
The  Horseless  Age  of  January  2g,  1908.  The  bushings  are  cast 
in  halves,  with  only  little  stock  to  remove  on  the  inside.  First 
they  are  milled  off  on  the  faces  which  come  together,  and  then 
they  are  clamped  singly  in  the  jig,  Fig.  229,  to  have  the  ends 
faced  off  and  chamfered  on  the  outside.  The  object  of  this 
chamfering  is  to  permit  of  accurately  centreing  the  bushing  in 
the  drilling  jig,  Fig.  230,  and  holding  it  on  the  cup  mandrel, 
Fig.  231,  for  turning  the  outside.  The  facing  and  chamfering 
jig,  Fig.  229,  consists  of  a  cast  iron  frame  A,  a  table  B  held  to 
the  frame  by  screws  and  dowels,  machine  steel  clamps  CC,  be- 
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tfreen  whicfa  and  the  table  B  the  bushing  is  damped,  and  shoulder 
bushings  D  £>  to  guide  the  tool  L.  The  latter  is  made  from  tool 
iteel,  with  milling  teeth  on  the  end  extending  over  a  little  more 
than  half  the  circamference.  These  teeth  serve  for  facing  the  endk 
of  the  bushings,  and  the  depth  of  cut  is  governed  by  the  adjust- 


m^^l 


able  locknuts  MU,  which  are  brought  up  against  the  ends  of 
bushings  D  D.  In  the  side  of  the  tool  is  a  slot  into  which  the 
chamfering  blade  N  is  inserted. 

The  jig,  Fig.  230,  for  drilling  and  reaming  the  hole  in  the 
bushing  comprises  a  suitable  cast  iron  frame  for  holding  two 
cup  bushings,  one,  A,  being  fixed  for  the  reamer,  and  the  other, 
B,  being  threaded  to  adjust  up  and  down  in  a  tapped  hole,  for 
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the  drill.  The  hole  tn  the  drill  bushing  is  counterbored  at  the 
inner  end,  so  that  the  reamer  will  not  be  injured  when  it  goes 
through  the  work. 


mW  ^=^  vtilf 


R  Drilling  and  Reaming  Bushings  and  Reamer. 


When  the  two  males  are  put  in  this  jig  and  the  screw  bushing 
B  is  adjusted  they  are  held  by  the  floating  clamp  C  and  the  strap 
on  the  swinging  screw  F.    The  clamp  C  rests  on  the  two  bosses 
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G,  G,  and  is  controlled  by  two  studs  H,  H,  which  fit  in  the  clamp 
and  also  extend  through  the  bosser  G,  G.  The  holes  in  these 
bosses  are  one-eighth  of  an  inch  larger  than  the  studs,  which  in 
turn  are  at  least  one-sixteenth  of  an  inch  larger  than  will  permit 
them  to  bind  the  damp. 

The  clamp  S  has  teeth  milled  in  its  recess  to  grip  the  casjdng 
and  prevent  its  turning  with  the  tool,  without  undue  pressure 
being  used  to  hold  it  This  freedom  of  the  cjamp  is  provided  so 
as  to  avoid  any  tendency  to  cramp  the  work  or  displace  it  in  the 
cup  bushings. 

A  four  lip,  straight  flute  drill,  ground  nearly  flat,  will  give  the 
be3t  results  because  of  the  cored  hole  in  the  bushing  which  is 
being  machined.  The  reamer,  shown  in  Fig.  230,  should  have  its 
flutes  cut  in  left  hand  spirals,  and  should  be  so  made  that  the 
body  is  long  enough  to. guide  it  all  the  way  through  the  work 
that  it  does  not  leave  the  bushing  during  the  entire  cut  The 
cutting  blades  need  not  be  more  than  i}i  inches  long. 

Fig.  231  shows  a  mandrel  for  turning  the  outside  of  the  bush- 
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Fig.  231.— Mandrel  for  Turning  Split  Bushings. 


ings.  It  consists  of  a  piece  of  steel  turned  to  the  proper  size 
with  a  solid  cup  and  a  movable  cupped  collar,  which  is  tightened 
by  the  nut  and  holds  the  work  during  the  turning. 

Machining  Babbitt  Lined  Bronze  Bushing— A  somewhat  sim- 
ilar method  for  producing  split  crankshaft  bushings  was  described 
by  O.  Linley  in  the  Automobile  Engineer  (London)  for  February, 
1911.  It  is  claimed  to  make  the  half  bushings  interchangeable, 
so  it  is  not  necessary  to  keep  them  together  in  pairs. 

There  is  practically  no  machining  allowance  on  the  joint,  the 
first  operation  being  to  face  the  halves  up  on  a  disc  grinder. 
When  this  is  done  each  half  is  taken  singly  and  attached  to  the 
i\g  A,  Fig.  232.  This  jig  consists  of  a  piece  of  mild  steel  turned 
v/ith  a  wide  collar,  which  is  subsequently  half  removed  by  mill- 
ing, and  the  half  bushing  is  attached  by  means  of  the  clip  shown 
at  B.  Eye  and  hand  alone  are  relied  on  for  centreing  the  bush- 
ing longitudinally,  so  the  attachment  is  a  very  quick  and  easy 
job,  and  the  flanges  can  be  turned  to  gauge  size  with  almost 
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equal  tbidmess.  The  next  operation  is  to  place  a  pair  of  bush- 
ings together  in  a  split  chuck  for  boring,  turning  the  radius  on 
the  outer  end,  and  recessing  by  the  tool  shown  at  C,  the  inside 
being  left  rough  so  as  to  provide  a  good  surface  to  take  the 
babbitt  metal.  The  bushings  are  then  babbitted  and  are  bored 
out  to  size,  the  radius  being  put  on  at  the  end  at  the  same  time, 
and  the  outside  is  turned  on  the  cup  arbor  shown  at  D. 

Manufacture  of  Sand  Cut  Split  Babbitt  BuahlngB— Babbitt 
bushings   are   cast    integral,    generally    A    inch   thick,   with   an 


Fig.  232.— Tools  for  Making  Intehch 


Half  Bushings. 


inside  diameter  0.03  inch  small.  It  is  advisable  to  consoli- 
date or  "compact"  the  babbitt  so  as  to  render  it  capable  of 
withstanding  greater  bearing  pressure,  and  to  this  end  the  cast 
bushing  is  placed  in  a  die  which  is  provided  with  several  key 
slots,  and  a  straight  and  a  tapered  mandrel  are  then  successively 
driven  through  the  bushings,  which  "compacts"  the  metal  and 
forces  some  of  it  into  the  keyways.  These  mandrils  leave  the 
bushing  very  slightly  under  size  (from  0.001  to  aoo.1  inch>.    The 
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remainder  of  the  stock  on  the  inside  diameter  is  preferably  re- 
moved by  a  reamer  when  the  bushing  is  in  place.  The  bushing 
is  next  split  diametrically  by  means  of  a  one-thirty-second  inch 
saw,  which  necessitates  the  use  of  shims  between  the  halves  to  the 
thickness  of  0.033  inch.  The  bushings  for  the  crankshaft  main 
bearings  are  reamed  in  place  by  means  of  a  long  reamer  in  a 
horizontal  or  vertical  boring  machine,  the  bearing  being  left,  say, 
0.001  inch  large.  The  keys  on  the  upper  halves  of  the  crank- 
shaft bushings  for  an  engine  in  which  atll  bearings  are  supported 
by  the  upper  halves  of  the  crank  case  should  preferably  be 
smoothened  off  some,  so  that  these  halves  may  be  removed  from 
the  crank  case  without  entirely  removing  the  crankshaft,  by 
"rolling''  them  around  the  shaft. 

It  has  been  found  that  in  order  to  reduce  the  friction  of  a 
bearing  to  a  minimum  the  bearing  bushing  must  be  relieved  at 
the  sides  so  that  the  journal  is  in  contact  with  the  bushing  only 
on  top  and  below.  Rules  for  calculating  the  reduction  of  the 
friction  and  the  increase  in  the  unit  pressure  for  different  reliefs 
are  given  by  Goodman  in  his  "Mechanics  for  Engineers."  In 
order  to  relieve  the  bushings  the  bearing  caps  are  loosened  and 
shims  to  the  proper  thickness  placed  between  the  upper  and  lower 
halves,  whereupon  reamers  of  gradually  increasing  size  are  run 
through  the  bearings  until  the  full  relld  it  attained. 


CHAPTER  XIV. 


STARTING  CRANK,  MANIFOLDS  AND  MUFFLER, 

Starting  Cranks — ^The  ratchets  of  starting  cranks  are  made 
in  many  different  forms,  several  of  which  are  illustrated  in  Fig. 
253.  That  shown  at  B  is  formed  on  the  shaft  of  the  starting 
crank  itself,  which  is  drilled  out  for  the  purpose,  and  has  five 
end  ratchet  teeth  milled  on  it  Frequently  the  engaging  faces 
of  these  teeth  are  in  a  plane  passing  through  the  axis  of  the 
shaft.  It  is  a  much  better  plan,  however,  to  make  them  at  an 
angle  of  about  lo  degrees  with  that  axis,  as  in  designs  A,  B 
and  D,  so  that  the  teeth  of  the  two  ratchets  will  interlock,  for 


Fig.  233. — Forms  of  Starting  Crank  Ratchets. 


even  though  these  ratchets  are  hardened,  their  teeth  will  wear 
in  time,  and  when  the  points  of  the  teeth  have  worn  back  the 
ratchet  is  liable  to  disengage  while  the  operator  is  pulling  hard 
on  the  starting  crank,  which  is  extremely  annoying  if  not  dan- 
gerous. It  may  here  be  pointed  out  that  practically  all  motors 
turn  right-handedly  when  looked  at  fr«m  in  front  of  the  car 
or  the  starting  end. 

356 
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Starting  crank  ratchets  for 
four  cylinder  motors  should 
preferably  have  two  teeth, 
spaced  i8o  degrees,  so  that  the 
starting  crank  handle  will  al- 
ways be  in  the  same  position 
when  the  crank  shaft  passes 
the  dead  centre.  For  the  same 
reason  the  ratchet  for  six 
cylinder  starting  cranks  should 
have  three  ratchet  teeth,  spaced 
120  degrees,  as  shown  at  D, 
In  some  cases  the  ratchet  on 
the  end  of  the  crankshaft  is 
replaced  by  a  pin  passing 
through  same,  with  projecting 
ends  with  which  the  teeth  on 
the  starting  crank  ratchet  en- 
gage, the  teeth  then  being  made 
of  special  form,  as  shown  at 
C,  Fig.  233.  Generally  the 
ratchet  on  the  forward  end  of 
the  crankshaft  is  keyed  or 
pinned  to  the  shaft,  but  some- 
times, in  order  to  save  space 
in  the  longitudinal  direction, 
it  is  formed  integral  with  the 
crankshaft  pinion  (see  A,  Fig.  233). 

Angular  Relation  of  Starting  Crank  to  Crankshaft^In 
order  to  render  the  starting  of  the  motor  as  easy  and  safe  as  pos- 
sible the  ratchets  on  the  starting  crank  and  the  crankshaft  must 
occupy  certain  definite  angular  positions.  The  resistance  which 
the  operator  must  overcome  in  turning  the  motor  over  by  hand  is 
due  partly  to  the  friction  of  the  pistons  in  the  cylinders  and  partly 
to  the  compression  in  one  cylinder,  the  latter  being  generally  the 
most  important  factor.  Tie  compression  reaches  its  maximum 
value  when  the  piston  is  at  the  top  end  of  the  stroke,  but  the 
crank  effort  necessary  at  that  moment  is  zero,  owing  to  the  tog- 
gle effect  of  the  crank  and  connecting  rod.  The  crank  effort  re- 
quired at  various  angles  of  the  crankshaft  during  the  compres- 
sion stroke  is  shown  by  the  diagram,  Fig.  234,  from  which  it 
will  be  seen  that  this  effort  reaches  its  maximum  when  the  crank 
is  about  25  degrees  ahead  of  dead  centre. 

The  usual  method  of  starting  the  motor  consists  in  pulling  up 
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Fig.  234.— Effort  Required  on 
Starting  Crank  at  Dif- 
ferent Crankshaft 
Angles. 


358    STARTING  CRANK,  MANIFOLDS  AND  MUFFLER. 


on  the  starting  crank,  and  the  operator  undoubtedly  applies  his 
strength  to  the  best  advantage  when  the  starting  crank  is  in  the 
horizontal  position  or  half  way  up.  Hence  the  ratchets  on  the 
starting  crank  and  the  crankshaft  should  be  so  arranged  that  the 
starting  crank  is  half  way  up,  or  90  degrees  from  the  straight-up 
position,  when  one  set  of  cranks  has  to  travel  25  degrees  more 
till  it  reaches  the  top  dead  centre  position.  A  four  cylinder  crank- 
shaft usually  stops  in  such  a  position  that  all  of  its  pistons  are 
about  mid-stroke,  hence  the  crankshaft  must  be  turned  through 

a  quarter  circle  to  bring  it  to  the 
dead  centre  or  firing  position, 
and  since  when  the  crankshaft 
is  in  the  dead  centre  position 
the  starting  crank  will  be  90  — 
25  =  6s  degrees  from  the  straight- 
up  position,  it  will  generally 
be  possible  to  pick  up  the  crank- 
shaft at  65  +  90=155  degrees 
from  the  straight-up  or  25  de- 
grees from  the  straight-down 
position. 

The  turning  moment  which  it 
is  necessary  to  impress  upon  the 
starting  crank  is  proportional  to 
the  square  of  the  bore  and  to  the 
length  of  the  stroke.  It  is,  of 
course,  impossible  to  make  the 
length  of  the  starting  crank  pro- 
portional to  the  turning  moment 
required,  as  that  would  give  ex- 
ceedingly small  cranks  for  small 
motors  and  entirely  too  large 
cranks  for  large  motors.  The  fol- 
lowing formula  gives  suitable  val- 
ues for  the  length  of  the  crank: 


Fig.   235. — Relative   Angular 

Position  of  Crankshaft 

AND  Starting  Crank. 


/.•  =  rfV7  (74) 

The  necessary  cross-section  of  the  crank  arm  may  be  calculated 
on  the  basis  of  12,000  pounds  per  square  inch  stress  in  the  metal 
when  the  operator  applies  an  effort  of  100  pounds  to  the  crank 
handle.  Supposing  the  starting  crank  to  be  10  inches  long,  the 
bending  moment  is 

10  X  100  =  1,000  pounds-inches. 

The  section  of  the  crank  must,  therefore,  have  a  resisting  moment 
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of  1,000  pounds-inches  when  subjected  to  a  fibre  stress  of  12,000 
pounds  per  square  inch.  In  the  case  of  the  4X5  inch  motor  used 
in  our  calculation,  making  the  thickness  or  smallest  dimension 
of  the  arm  one-half  inch,  the  width  or  largest  dimension  near  the 
hub  figures  out  to  about  one  inch,  if  the  arm  is  made  of  solid 
rectangular  cross-section.  The  crank  arm  is  frequently  drop 
forged  with  a  channel  section,  the  open  side  of  which  is  placed 
toward  the  rear.  The  starting  handle  should  be  about  one  inch 
in  diameter  and  not  less  than  5H  inches  long.  It  should  be  pro- 
vided with  a  brass  tubular  or  hardwood  grip  which  turns  freely 
on  the  pin  or  stud,  so  as  not  to  injure  the  operator's  hands.  The 
handle  is  sometimes  drilled  out  for  lightness  and  is  generally  ex- 
panded into  the  crank  arm.  Pleasure  cars  are  now  almost  in- 
variably provided  with  electric  starters  and  the  crank  is  made 
removable  and  carried  in  the  tool  box,  the  socket  for  it  being 
closed  by  a  cap. 


Fig,  236.— Starting  Crank  SuppoRnNG  Clip  and  Swinging 

Bracket. 

Locking  Starting  Crank — ^The  starting  crank  must  not  be 
allowed  to  hang  down  when  the  car  is  in  motion,  as  its  grip  is 
generally  considerably  lower  than  the  front  axle,  and  is  therefore 
likely  to  be  struck  by  obstructions  on  the  road. 

On  motor  trucks  it  is  not  desirable  that  the  handle  of  the 
starting  crank  extend  forward  when  not  in  use.  For  convenience 
in  starting  the  handle  must  project  ahead  of  the  bumper  with 
which  most  trucks  are  fitted,  and  if  it  does  this  while  not  in  use 
it  is  apt  to  be  damaged  by  collision  with  some  object.  To  pre- 
vent such  damage  the  shaft  of  the  crank  on  motor  trucks  is  gen- 
erally provided  with  a  hinge  joint  so  that  after  the  motor  has 
been  started  the  crank  can  be  swung  back  and  held  in  a  clip 
secured  to  the  front  cross  member  of  the  frame.  Fig.  236  shows 
one  construction  serving  this  purpose.    Instead  of  the  shaft  of 
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die  crank  bdtig  hinged  it  is  angportcd  in  a  rotatable  bearing. 
The  nib-figare  shows  a  sinq>le  form  of  cfip  for  this  fmrpose. 

Fig.  237  shows  the  variation  of  the  starting  and  low  speed  run- 
ning resistance  of  antomobile  motors  as  a  function  of  the  total 
cylinder  displacement  in  cubic  inches.  This  diagram,  which  is 
taken  from  a  paper  read  by  C  E.  Wilson  before  the  Society  of 
Automobile  Engineers,  is  of  Talne  in  the  design  of  self-starters. 

lolet  Manifolds^— The  inlet  manifolds  present  a  special  prob- 
lem for  the  designer,  since  they  must  be  so  designed  that  each 
cylinder  of  a  multt-cylinder  motor  receives  substantially  the  same 
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Fic.  237.— Starting  and  Running  Torques  op  Four  and  Six 

Cyundek  Motors. 


charge,  both  quantitatively  and  qualitatively.  That  is,  each  cylinder 
must  receive  the  same  amount  of  combustible  mixture  as  every 
other  cylinder,  and  the  mixture  received  by  any  cylinder  should 
contain  the  same  proportion  of  gasoline  as  that  received  by  any 
other  cylinder,  thoroughly  gasified  and  mixed  with  the  air. 
Where  the  cylinders  are  cast  in  pairs  the  inlet  ports  are  now 
almost  universally  siamesed,  so  that  in  the  case  of  a  four  cylin- 
der motor  the  "manifold"  has  only  two  branches  and  is  really  a 
Y  or  a  T. '  Inlet  manifolds  are  cast  of  aluminum,  brass  or  malle- 
able iron,  and  are  sometimes  made  of  drawn  brass  tubing  and 
cast  fittings  or  solely  of  brass  tubing  bent  and  brazed  together. 
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The  inlet  pipe  is  made  with  an  internal  diameter  equal  to  36  to  40 
per  cent  of  the  cylinder  bore.  Its  length  varies  according  to  the 
location  of  the  carburetor.  When  the  fuel  is  fed  by  gravity  from 
a  tank  located  inside  the  front  seat  the  carburetor  must  be  located 
low,  so  that  the  fuel  may  always  be  under  a  head,  even  on 
the  steepest  upgrades.  On  the  other  hand,  when  the  fuel  is  fed 
by  gaseous  pressure  the  carburetor  is  placed  as  high  as  possible, 
in  order  that  its  adjusting  means  may  be  as  accessible  as  possible. 
Sometimes  the  carburetor  is  located  on  the  opposite  side  of  the 
motor  from  the  valves,  and  the  inlet  pipe  must  then  extend  across 
the  top  of  the  engine  or  a  cored  inlet  passage  must  be  provided 
in  the  cylinder  casting  from  the  valve  side  to  the  opposite  side. 
On  the  whole  a  short  length  of  exposed  inlet  pipe  is  preferable, 
because  in  cold  weather  the  gasoline,  which  has  been  vaporized 
in  the  carburetor  by  means  of  the  heat  supplied  by  the  water 


Fig.  238. — ^Types  of  Four  Cylinder  Inlet  Manifolds. 

circulating  through  the  jacket,  will  tend  to  condense  again  in  the 
inlet  pipe. 

Three  different  types  of  inlet  manifolds  for  four  cylinder  motors 
with  siamescd  inlet  ports  are  shown  in  Fig.  238.  They  are  of  T, 
Y  and  V  form  respectively.  Any  intermediate  form  may  be  used, 
ana  the  manifold  may  be  curved  in  various  ways  to  pass  around 
obstacles;  but  it  is  advisable  to  reduce  the  bends  to  the  smallest 
possible  number  and  to  make  those  that  cannot  be  eliminated  of 
as  large  a  radius  of  curvature  as  possible,  since  the  curves  greatly 
increase  the  resistance  to  gaseous  flow.  Some  designers  con- 
siderably enlarge  the  cross-section  where  the  branches  join,  so 
as  to  avoid  the  formation  of  eddies  at  these  points.  Manifolds 
with  curvatures  in  more  than  one  plane  are  sometimes  made  in 
two  parts  bolted  together,  so  as  to  avoid  difficulties  in  casting. 
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Fic.  239.— Single  Bolt  Manifold  Joint. 

Manifold  Joint»— The  general  practice  is  to  secure  the  inlet 
manifold  to  the  cylinder  casting  and  to  the  carburetor  by  means 
of  flanges  and  screws,  A- A  inch  screws  being  used.  If  the  inlet 
and  exhaust  manifolds  are  both  located  on  the  same  side  of  the 
motor  it  is  somewhat  difficult  to  get  at  screws  through  lugs,  and 
the  two  manifolds  are  then  generally  held  on  by  means  of  yokes 
and  studs.  Still  another  method  of  fastening  the  inlet  manifold 
to  the  cylinder  casting  consists  in  screwing  a  stud  into  the  cylin- 
der wall  at  the  centre  of  the  inlet  port,  this  stud  extending 
through  the  wall  of  the  manifold,  which  is  clamped  in  place  by 
means  of  a  nut  on  the  stud,  as  shown  in  Fig.  239. 

The  lower  end  of  the  inlet  manifold  connects  to  the  carburetor 
by  means  of  a  flanged  joint.  These  joints  have  been  standardized 
by  the  Society  of  Automobile  Engineers,  the  dimensions  of  the 
standard  flanges  being  given  in  Table  VI. 

TABLE  VI— CARBURETOR  FLANGES. 
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Inlet  manifolds  for  six  cylinder  motors  with  siamesed  inlet 
ports  may  be  made  in  the  form  of  a  T,  but  are  more  frequently 
made  in  the  form  shown  in  Fig.  2^,  in  which  design  the  distance 
from  the  carburetor  to  each  of  the  inlet  ports  is  substantially  the 
same,  which  tends  toward  more  uniform  distribution.  It  will  be 
noticed  that  the  intermediate. distributing  branches  join  the  final 
distributing  pipe  somewhat  closer  to  the  central  inlet  port  than  to 
the  outer  ones. 

Exhaast  Manifolds — ^In  T-head  motors  the  exhaust  ports  are 
also  generally  siamesed,  though,  as  already  explained,  if  it  is  de- 
sired to  get  the  most  possible  power  out  of  the  motor  this  should 
not  be  done.  On  L-type  motors  and  motors  with  valves  in  the 
head  the  exhaust  ports  are  separate,  and  one  connection  to  the 
manifold  is  then  required  for  each  cylinder.  The  exhaust  mani- 
fold is  generally  made  of  an  internal  diameter  equal  to  one-half 
the  cylinder  bore.  It  is  made  of  malleable  iron  or  cast  steel  and 
occasionally  of  steel  tubing.    Frequently  the  exhaust  manifold  i& 

/^ 


Fig.  240. — Six  Cylinder  Inlet  Manifold. 

cast  with  four  longitudinal  ribs  to  help  cool  it.  The  walls  are 
generally  cast  one-eighth  of  an  inch  thick.  The  exhaust  manifold 
is  fastened  to  the  cylinder  casting  in  the  same  manner  as  the 
inlet  manifold,  and  at  its  rear  end  it  turns  down  through  an 
angle  of  45  degrees  and  is  flanged  for  connection  to  the  exhaust 
pipe  leading  to  the  muffler.  Some  designers  increase  the  diam- 
eter of  the  manifold  from  the  front  to  the  rear  end,  but  usually 
it  is  made  of  uniform  size  throughout  its  length.  In  six  cylinder 
motors  the  exhaust  manifold  is  sometimes  in  telescoping  sections, 
permitting  of  its  free  longitudinal  expansion  and  contraction.  The 
manifold  may  reach  almost  red  heat  when  the  motor  operates 
continuously  at  full  load,  and  will  naturally  expand  considerably. 
The  crank  chamber,  on  the  other  hand,  which  determines  the 
distance  apart  of  the  cylinders,  does  not  appreciably  heat  up; 
hence  if  no  provision  was  made  for  the  expansion  of  the  mani- 
fold  it  and  the  cylinders  would  be  severely  strained.    There  is,  of 
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course*  the  same  need  for  expansion  joints  in  a  four  cylinder  ex- 
haust manifold  as  in  a  six  cylinder. 

Fig.  241  shows  an  arrangement  of  inlet  and  exhaust  manifolds 
on  the  same  side  of  the  motor.  The  exhaust  manifold  is  then 
generally  swtmg  upward  and  the  inlet  manifold  downward  so  as 
to  avoid  interference,  and  the  two  are  mostly  secured  in  place 
by  means  of  yokes. 

Effect  of  Timing  Order— Th^  explosion  in  a  four  cylinder 
motor  may  be  timed  in  either  of  two  orders,  viz. : 

I— a-^— 3, 

I— 3— 4— «. 
AA^th  siamesed  inlet  ports  and  a  symmetrically  arranged  inlet 
manifold  neither  of  these  firing  orders  has  any  appreciable  advan- 
tage over  the  other.   But  if  there  are  four  individual  cylinders  and 
a  mamfold  of  T  form  is  used,  then,  it  is  claimed,  the  last  men- 


FiG.  241. — Inlet  and  Exhaust  Manifolds  on  Same  Side  of 

Motor  and  Secured  by  Yokes. 

tioned  firing  order  is  the  preferable  one,  for  the  following  reason ; 
it  will  be  noticed  that  with  the  first  mentioned  firing  order  the 
inner  cylinder  of  a  pair  draws  in  its  charge  immediately  after  its 
mate.  It  was  pointed  out  in  the  chapter  on  "Valves  and  Valve 
Gear''  that  the  inlet  valve  is  generally  given  a  lag  of  30  degrees, 
so  as  to  enable  it  to  fill  more  nearly  completely.  The  inlet  valve 
opens  with  a  lag  of  only  10  to  15  degrees.  Now,  suppose  cylin- 
der No.  I  to  have  completed  its  inlet  stroke.  About  10  degrees 
later,  while  its  inlet  valve  is  still  being  held  open  to  enable  it  to 
draw  additional  charge,  the  inlet  valve  of  cylinder  No.  2  opens, 
and  since  there  is  considerable  suction  in  this  cylinder  and  it  is 
nearest  to  the  carburetor,  the  flow  of  gas  to  cylinder  No.  i  is 
thereby  prematurely  stopped.  On  the  other  hand,  with  the  tim- 
ing order  last  mentioned  the  outer  one  of  a  pair  of  cylinders 
always  follows  the  inner  one,  and  since  the  distance  from  the 
vrburetor  to  the  outer  cylinder  is  greater  than  to  the  inner  cyl- 
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tnder,  the  inner  cylinder  is 
not  "attrved"  hy  the  open- 
ing of  the  inlet  valve  to  the 
outer  cylinder— at  least  not 
to  the  same  extent. 

The  firing  order  is  o! 
more  importance  in  &  six 
cylinder  motor,  however. 
We  found  that  the  uchaust 
valves  remain  open  for  about 
330  degrees  of  crank  motion. 
Now,  in  a  six  cylinder  motor 
the  exhaust  valves  begin  to 
open  at  intervals  of 
grees,  so  two  exfiaust  valves 
are  open  simultaneously  prac- 
ticaly  all  the  time.  This 
overlapping  of  the  exhaust  periods  is  shown  graphically  in 
Fig.  242.  Suppose  that  the  exhaust  valve  opens  with  45 
degrees  lead  and  closes  with  5  degrees  lag;  then,  when  the 
exhaust  valve  of  one  cylinder  begins  to  open  the  exhaust  valve  of 
the  preceding  cylinder  is  still  fully  open,  and  remains  open  dur- 
ing another  no  degrees  of  crank  motion,  so  that  if  the  two  cyl- 
inders are  adjacent  to  each  other  and  connected  to  the  same  ex- 
haust manifold,  and  especially  if  the  exhaust  ports  of  the  two 
(flinders  are  siamescd,  exhaust  gases  must  "blow  over"  from  the 


Fig.  242.— OvERLAPPiKC  OF  Ex- 
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Fig.  243.— Manocraph  Diagram  Showing  Effect  of  Exhaust 
FROM  One  Cylinder  Entering  Another. 
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cylinder  just  beginning  to  exhaust  into  the  one  completing  its  ex- 
haust stroke,  thus  interfering^  with  the  evacuation  of  the  latter. 
This  effect  is  brought  out  very  clearly  in  Fig.  243,  which  shows 
an  indicator  diagram  of  a  six  cylinder  motor. 

This  difficulty  can  be  partly  overcome  by  so  arranging  the  fir- 
ing order  that  the  two  cylinders  in  one  pair  never  fire  in  succes- 
sion.  For  instance,  the  following  three  firing  orders  may  be  used : 

I— 4— 2-6— 3— 5, 

I— 3— 2— 6— 4— 5. 

The  surest  way  to  prevent  interference  of  the  exhausts  from 
succeeding  cylinders  is  to  provide  two  exhaust  manifolds,  one  for 
the  three  forward  and  the  other  for  the  three  rear  cylinders,  con- 
necting to  a  double  exhaust  pipe  leading  to  the  muffler. 

Firing  Orders  of  V  Motors. — In  V  engines  the  valves  of 
oppositely  located  cylinders  are  operated  by  a  common  cam, 
generally  through  the  intermediary  of  bell  cranks,  or  the  cam- 
shaft is  provided  with  one  cam  for  each  valve  to  be  lifted.  In 
the  former  case  the  number  of  firing  orders  is  limited.  For 
instance,  in  an  eight-cylinder  90-degree  V  engine,  if  the  crank- 
shaft turns  right  handedly  (looked  at  from  the  front),  any 
left-hand  cylinder  (looked  at  from  the  rear)  must  fire  either 
90  degrees  or  450  degrees  of  crankshaft  motion  after  the  cor- 
responding right-hand  cylinder.  These  motions  correspond  to 
45  degrees  and  225  degrees  of  camshaft  motion.  Now  it  would 
be  impossible  to  get  the  two  cam  followers  on  the  cam  so  close 
together  that  one  of  the  valves  would  begin  to  lift  45  degrees 
of  cam  motion  after  the  other,  owing  to  interference  between 
followers,  hence  the  left-hand  valve  must  begin  to  lift  225  de- 
grees of  cam  motion  after  the  right-hand  valve.  As  an  explosion 
occurs  every  45  degrees  of  cam  motion,  this  means  that  the 
left-hand  valve  of  a  given  pair  of  cylinders  will  be  fifth  to  lift 
after  the  corresponding  right-hand  valve.  Combining  this  order 
with  the  two  possible  firing  orders  for  each  set  of  four  cylin- 
ders we  get  the  following  two  possible  firing  orders  for  an 
eight-cylinder  motor  in  which  a  single  cam  operates  two  valves : 

lie  — 4L  — 2/?  — 3L  — 4/?  — IL  — 3i?  — 2L 
l/e_4L  — 3/?  — 2L--4/?-.lL  — 2/?  — 3L 

The  latter  of  the  two  firing  orders  is  generally  used,  probably 
because  it  happened  to  be  adopted  by  one  of  the  pioneers  in  the 
V  type  engine  field. 

Similarly  in  a  twelve-cylinder  engine  opposite  cylinders 
whose  pistons  work  on  the  same  crank  pin  must  explode  at 
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an  interval  of  either  60  or  420  degrees  of  crankshaft  motion, 
equal  to  30  and  210  degrees  of  camshaft  motion,  only  the  latter 
of  which  is  practical  with  the  ordinary  types  of  cam  followers. 
In  such  an  engine  explosions  succeed  each  other  at  intervals 
of  30  degrees  of  cam  motion,  hence  in  a  right  handedly  rotat- 
ing engine,  if  cylinder  1  /?  is  first  to  explode  cylinder  1  L  will 
be  eighth,  and  there  will  be  the  same  interval  between  the 
explosions  in  any  other  pair  of  oppositely  located  cylinders. 
Combining  this  firing  order  for  oppositely  located  cylinders  with 
the  three  most  desirable  firing  orders  for  each  set  of  cylinders 
v/e  get  the  following  three  firing  orders  for  the  twelve: 

12e_6L  — 42?  — 3L  — 22?--5L  — 62?  — IL  — 3  2?  — 
4L— 5/e— 2L 
1/e  — 6L  — 52?  — 2L  — 3/?  — 4L  — 62e  — IL  — 2  2?  — 

S  L  —  A  R  —  Z  L 
1   /e  — 6L  — 32?  — 4L  — 22?  — 5L  — 6/?  — IL  —  4  2? — 

3L  —  52?  — 2L 
'MaflBer  Design — ^Automobiles  must  operate  substantially  noise- 
lessly, and  the  gases  from  the  exhaust  must  be  passed  through  a 
muffler  before  they  are  discharged  to  the  atmosphere.  In  the 
muffler  the  gases  must  be  allowed  to  expand  gradually  and  to 
cool,  thereby  reducing  the  pressure,  which  is  the  cause  of  the 
noise  when  they  are  discharged  into  the  atmosphere  directly. 
While  it  is  an  easy  matter  to  so  obstruct  the  passage  of  the  gas 
from  the  cylinder  to  the  atmosphere  that  the  gases  will  be  dis- 
charged without  disagreeable  noise,  they  must  escape  with  com- 
parative freedom,  so  that  there  will  be  no  back  pressure  from 
them  on  the  piston  during  the  exhaust  stroke,  and  this  compli- 
cates the  problem  of  muffler  design. 

The  muffler  is  generally  carried  under  the  rear  part  of  the 
frame  of  the  car,  as  far  away  from  the  motor  as  possible,  so 
the  motor  will  exhaust  into  an  exhaust  pipe  whose  capacity  is  two 
to  four  times  that  of  a  single  cylinder.  This  gives  the  hot  gases 
a  chance  to  expand  and  cooL  It  is,  however,  advisable  to  pro- 
vide additional  expansion  volume  in  the  muffler.  The  combined 
volume  of  the  exhaust  pipe  and  that  compartment  of  the  muf- 
fler which  the  gases  enter  first  should  not  be  less  than  six  times 
the  piston  displacement  of  a  single  cylinder.  This  expansion 
chamber  should  have  as  large  a  surface  as  possible  in  contact 
with  the  atmosphere,  so  that  heat  may  be  rapidly  abstracted  from 
the  gases.  From  the  expansion  chamber  the  gases  are  led  through 
another  chamber  or  series  of  chambers  communicating  by  means 
of  fine  and  sometimes  tortuous  passages,  before  they  are  finally 
discharged  to  the  atmosphere.    Sometimes  these  muffling  chain* 
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bers  are  placed  concentric  with  the  expansion  chamber  and  some- 
times they  are  placed  adjacent  to  it 

The  muffler  should  preferably  be  so  arranged  that  it  can  be 
taken  apart  for  cleaning,  since  lubricating  oil  and  solid  carbon 
particles  held  in  suspension  by  the  exhaust  gases  will  be  depos- 
ited on  the  muffler  walls,  clogging  the  line  passages  and  thus  in- 
creasing the  back  pressure.  The  muffler  must,  however,  be  of 
sufficiently  strong  construction  to  easily  withstand  the  pressure 
of  an  explosion  of  a  gasoline-air  mixture  at  atmospheric  pressure, 
since  such  explosions  in  the  muffler  are  of  common  occurrence. 
The  walls  of  the  muffler  must  be  so  designed  that  they  will  not 
be  set  into  harmonious  vibration  by  the  succeeding  exhausts,  and 
especially  should  they  not  be  of  any  material  with  sonorous 
properties.  A  covering  of  sheet  asbestos  over  the  muffler  will  pre- 
vent ringing,  but  is  undesirable  on  account  of  its  heat  insulating 
properties.    The  outer  cylindrical  shell  should  preferably  be  made 


Fig.  244. — Concentric  Cylinder  Muffler. 

of  very  thin  and  soft  sheet  iron  formed  into  a  roll  of  several 
layers,  held  together  by  rivets.  F.  R  Watts  found  (The  Horse- 
less  Age  of  October  2,  1907)  that  the  entire  capacity  of  the  muf- 
fler is  generally  about  thirteen  times  the  piston  displacement  in 
one  cylinder. 

A  type  of  muffler  that  is  known  to  give  very  satisfactory  re- 
sults when  properly  proportioned  is  shown  in  Fig.  244.  It  con- 
sists of, two  cast  iron  heads  which  are  connected  by  three  con- 
centric sheet  metal  tubes,  the  two  inner  ones  of  which  are  here 
shown  conical,  but  may,  of  course,  also  be  cylindrical.  The  gas 
enters  the  outer  one  of  the  three  concentric  chambers  through  a 
spiral  passage  cast  on  one  of  the  heads.  They  expand  in  this 
chamber  and  then  pass  through  fine  perforations  at  the  opposite 
end  in  the  partition  wall  into  the  intermediate  chamber,  and  thence 
through  similar  perforations  at  the  near  end  of  the  innermost 
partition  wall  into  the  central  chamber,  from  which  they  escape 
at  the  further  end.    This  muffler  is  a  development  of  an  earlier 
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type,  also  of  concentric  cylindrical  chamber  form,  in  which  the 
gases  entered  the  innermost  chamber  and  were  discharged  from 
the  outermost  chamber.  It  has  the  advantage  over  the  latter 
type  that  it  is  easier  to  provide  a  comparatively  large  initial  ex- 
pansion chamber,  and  that  the  walls  with  which  the  hot  gases 
come  in  contact  are  exposed  to  the  atmosphere,  hence  the  gases 
are  cooled  more  rapidly.  The  swirl  given  to  the  gases  by  the 
spiral  inlet  passage  brings  the  newly  entering  charge  immediately 
in  contact  with  the  entire  outer  wall  of  the  muffler  and  prevents 
any  direct  impact  between  the  column  of  charge  and  a  wall  of 
the  muffler. 

Another  form  of  muffler  is  shown  in  Fig.  245.  This  consists 
of  a  considerable  number  of  flat  cylindrical  chambers  of  pressed 
steel  with  one  head  integral  and  the  edge  at  the  open  end  flanged 
out  so  as  to  fit  over  the  closed  end  of  the  adjacent  section.  The 
heads  are  provided  with  openings  through  which  adjacent  cham- 


FlG.  245. — Baffle  Plate  Muffler. 


bers  communicate,  these  openings  being  alternately  at  the  centre 
and  near  the  circumference,  thus  compelling  the  gases  to  follow 
a  tortuous  course  through  the  muffler.  The  heads  are  made  of 
cast  iron  and  the  gases  enter  and  leave  at  the  centres  of  the  heads. 
The  first  and  last  partition  walls  differ  from  the  others,  the  first 
having  openings  both  at  the  centre  and  near  the  circumference 
to  facilitate  rapid  expansion,  and  the  last  has  fine  perforations 
only,  so  as  to  break  the  discharge  up  into  a  large  number  of  fine 
streams. 

A  third  type  of  muffler,  shown  in  Fig.  246,  consists  of  two  ad- 
jiaicent  cylindrical  chambers  which  communicate  through  a  large 
number  of  small  tubes  secured  in  a  partition  wall  cast  integral 
with  a  central  tube.  This  tube  is  cast  with  a  partition  wall  at  the 
centre  of  its  length  and  with  fairly  large  openings  in  its  wall 
through  which  the  gases  enter  the  first  expansion  chamber; 
thence  they  pass  through  the  small  tubes  already  referred  to 
into  the  second  expansion  chamber,  and  thence  through  small 
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Fig.  246. — Small  Tube  Mufflek. 


perforations  in  the  wall  of  the  second  section  of  the  central 
pipe  through  which  they  are  discharged. 

In  Fig.  247  is  shown  a  muffler  of  patented  design,  known 
as  the  Ejector  muffler,  which  is  used  on  a  good  many  American 
cars.  It  consists  of  three  expansion  chambers  formed  by  conical 
diaphragms,  of  which  alternate  ones  are  perforated  near  the 
centre  and  the  outer  edge,  respectively.  There  is  an  axial  tube 
leading  through  the  muffler,  the  diameter  of  which  is  reduced  at 
about  the  middle  of  its  length.  Part  of  the  gas  entering  the 
muffler  passes  directly  from  the  axial  tube  into  the  central 
chamber  and  through  the  second  set  of  cones,  while  the  rest 
enters  the  first  chamber  and  passes  first  through  the  first  set 
of  cones  and  then  through  the  second.  A  small  portion  of  the 
exhaust  is  carried  straight  through  to  a  nozzle  at  the  farther 
end  of  the  muffler,  through  which  it  is  discharged  to  the  at- 
mosphere. This  discharge,  by  reason  of  the  familiar  injector 
principle,  creates  a  partial  vacuum  in  the  third  expansion  cham- 
ber, thus  creating  a  suction  which  draws  the  gas  out  of  this 
chamber  in  a  more  or  less  uniform  stream.  The  gas  passing 
through  the  expansion  chambers  naturally  reaches  the  third 
chamber  somewhat  later  than  the  gas  passing  through  the  axial 
tube  reaches  the  nozzle,  and  the  pressure  in  the  third  chamber 
at  the  moment  when  the  gas  from  a  new  explosion  enters  that 


Fic.  247.— Ejector  Muffles. 
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• 
chamber  is  therefore  always  below  atmospheric,  which  insures 
low  back  pressure. 

Back  Pressure  of  Mufflers — Several  competitions  and  tests 
with  the  object  of  improving  the  design  of  mufflers  have  been 
held  under  the  auspices  of  the  Automobile  Club  of  France, 
In  a  competition  held  in  1903  the  tests  were  made  on  a  single 
cylinder  8  horse  power  motor.  A  two-way  valve  was  inserted 
in  the  exhaust  pipe  by  means  of  which  the  exhaust  could  be 
turned  either  into  the  atmosphere  or  into  one  of  the  mufflers. 

The  second  of  these  trials,  conducted  in  1905,  brought  out 
the  interesting  fact  that  a  length  of  pipe  connected  to  the  ex- 
haust manifold  of  the  motor  may  increase  the  power  ouput 
During  the  first  part  of  the  trial  all  tests  were  made  with  the 
mufflers  connected  directly  to  the  exhaust  manifolds.  It  was 
then  decided  to  place  them  at  some  distance  from  the  motor, 
to  reproduce  the  conditions  on  an  automobile,  and  the  con- 
nection was  made  by  a  pipe  with  three  bends  in  it,  6  feet  long 
and  of  2  inches  internal  diameter,  substantially  the  same  as 
the  manifold  diameter.  The  engineer  in  charge  of  the  tests 
anticipated  that  a  certain  correction  would  have  to  be  made  for 
the  loss  in  this  pipe,  and  proceeded  to  determine  this  loss.  He 
was  greatly  surprised  to  find  by  repeated  experiments  that  this 
pipe  increased  the  power,  and  accurate  tests  showed  the  in- 
crease to  be  1.4  per  cent.  The  explanation  offered  for  this 
phenomenon  is  that  when  the  gases  pass  through  the  6  foot  pipe 
their  temperature  is  reduced  to  quite  an  extent  and  they  issue 
from  the  mouth  of  the  pipe  at  a  considerably  lower  speed 
than  if  discharged  directly  from  the  exhaust  port,  hence  the 
resistance  to  their  entrance  into  the  atmosphere  is  less,  which, 
of  course,  means  less  back  pressure.  The  most  silent  mufflers 
in  this  competition  reduced  the  power  of  the  motors  10  to  11 
per  cent. 

Tests  conducted  in  the  automobile  laboratory  of  the  Univers- 
ity of  Michigan  in  1914,  showed  that  while  some  mufflers  at  full 
engine  load  absorb  14  to  17  per  cent  of  the  engine  power,  the 
'  average  percentage  of  the  power  absorbed  by  modern  mufflers 
throughout  the  whole  range  of  engine  output  is  about  three. 

The  final  outlet  from  the  muffler  is  generally  through  a  pipe 
of  considerably  less  cross-section  than  the  exhaust  pipe,  which 
outlet  pipe  is  sometimes  tapered  or  reduced  in  section  away 
from  the  muffler.  Some  mufflers  arranged  crosswise  of  the  frame 
at  the  rear  are  provided  with  two  outlet  pipes,  slightly  in- 
clined downwardly  and  with  their  outlet  ends  flattened  so  that 
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the  exhaust  is  discharged  in  a  sheet  at  the  rear  of  the  car, 
whereby  the  dust  is  kept  down  to  a  certain  extent 

The  chief  requirements  in  muffler  design  may  be  stunmarized 
as  follows:  Use  non-sonorous  materials,  such  as  soft  sheet 
iron  and  cast  iron  and  no  brass  or  altuninum.  Provide  an  ex- 
pansion chamber  of  large  size  as  compared  with  the  volume 
of  the  individual  cylinder.  Keep  the  hot  gases  during  the  first 
part  of  their  passage  through  the  muffler  in  contact  with  sur- 
faces exposed  to  the  atmosphere  so  as  to  reduce  their  tem- 
perature and  pressure  as  quickly  as  possible.  Gradually  decrease 
the  cross  sectional  area  of  the  passages  so  that  the  exhaust 
will  issue  from  the  outlet  pipe  in  a  practically  continuous  streanw 
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THE  FLYWHEEL. 

As  has  already  been  explained,  in  a  four  cycle  motor  there 
is  only  one  explosion  or  power  stroke  in  every  four  strokes 
of  the  piston.  Consequently  in  a  single  cylinder  motor  a 
turning  moment  is  impressed  upon  the  crankshaft  during 
only  one  stroke  out  of  four,  and  there  are  three  idle  strokes 
between  power  strokes. 

In  order  to  have  a  practically  usable  motor  the  turning 
moment  or  torque  must  be  substantially  uniform  throughout 
the  cycle,  and  this  makes  it  necessary  to  store  up  some  of  the 
mechanical  energy  developed  during  the  power  stroke  and 
draw  upon  this  store  of  energy  during  the  three  idle  strokes, 
so  that  the  rate  of  doing  external  work  is  practically  constant 
The  flywheel  forms  this  means  of  storing  energy. 

Variation  of  Crank  Moment — Fig.  248  shows  a  crank  mo- 
ment diagram  for  a  single  cylinder  4x5  inch  motor  based  upon  a 
diagram  showing  an  explosion  pressure  of  262  lbs.  p.  sq.  in. 
and  on  a  10  inch  connecting  rod.  The  diagram  shows  the  crank 
moment  at  low  speeds,  and  the  effect  of  the  inertia  of  the  re- 
ciprocating parts  on  the  crank  moment  is  neglected,  partly  for 
the  sake  of  simplicity  and  partly  because  the  flywheel  function  is 
most  important  when  the  engine  runs  at  low  speed,  when  the 
inertia  effects  of  the  reciprocating  parts  are  negligible. 

The  cylinder  develops  approximately  415  foot-pounds  of 
energy  per  explosion,  net;  that  is,  the  indicated  energy  of  the 
explosion  stroke  is  474  foot-pounds  and  that  of  the  compres- 
sion stroke  59  foot-pounds,  leaving  415  foot-pounds  of  avail- 
able energy.  Now  consider  a  crank  with  an  arm  i  foot  in 
length.  The  above  amount  of  energy — ^415  foot-pounds — is 
expended  during  two  revolutions  of  the  engine  crankshaft, 
and  during  these  two  revolutions  the  outer  end  of  the  x-foot 
crank  travels 

2x2x3.14=12.56  feet 

373 


^   I 


THE  FLYWHEEL. 


a 

1 

I 

I 
-I 

I 


THE  FLYWHEEL.  375 

The  force  acting  at  the  outer  end  of  the  i-foot  crank  arm  it 
therefore 

415  .   ^  . 

i77^  =  33  founas  ^appr.) 

Consequently,  the  average  turning  effort  or  torque  is  33 
pounds-feet.  We  may  consider  the  resisting  moment  of  the 
load  on  the  motor  to  be  constant,  and  its  value,  then,  is  33 
pounds-feet.  The  resisting  moment  will  very  nearly  be  con- 
stant when  the  car  is  pulling  up  a  steep  hill  at  a  very  slow 
pace. 

Referring  now  to  Fig.  248,  it  will  be  seen  that  while  the  re- 
sisting moment  of  the  motor  is  only  33  pounds-feet,  the  torque 
impressed  upon  the  motor  crankshaft  during  the  power  stroke 
rises  as  high  as  320  pounds-feet.  The  excess  torque  goes  to 
accelerate  the  flywheel  and  to  store  up  energy  in  it.  In  the 
figure,  the  area  A'B  C  D  E  represents  the  total  energy  of  one 
explosion  B  474  foot-pounds.  The  area  BCD  represents  ex- 
cess energy  developed  during  the  first  four-fifths  of  the  ex- 
plosion stroke,  which  is  stored  in  the  flywheel  This  area  rep- 
resents 382  foot-pounds.  The  energy  stored  up  in  the  fly- 
wheel during  the  power  stroke  is  given  out  again  during  the 
three  so-called  idle  strokes,  doing  the  external  work  during 
these  three  strokes,  represented  by  the  rectangle  E  F  G  H, 
and  the  work  of  compression  represented'  by  the  area  H  I  J. 
In  reality  the  flywheel  begins  to  supply  some  of  the  energy 
necessary  to  perform  the  outside  work  at  the  point  D,  be- 
fore the  end  of  the  power  stroke.  The  area  D  F  G  H  I  J  E, 
representing  the  total  energy  given  out  by  the  flywheel  during 
one  cycle,  is  exactly  equal  to  the  area  B  C  D,  representing 
the  energy  absorbed  by  the  flywheel  during  one  power  stroke. 

Constructions  similar  to  Fig.  248  enable  us  to  determine  the 
relative  apiount  of  flywheel  capacity  theoretically  required  for  en- 
gines with  different  numbers  of  cylinders.  In  Fig.  249  is  shown 
a  crank  moment  diagram  for  a  double  cylinder  opposed  4x5  inch 
motor,  other  conditions  being  the  same  as  in  Fig.  248.  The 
crank  moment  during  only  one  revolution  is  shown,  as  the 
diagram  repeats  itself  every  revolution.  Measurement  shows 
that  in  this  case  the  flywheel  has  to  absorb  302  foot-pounds 
of  energy  during  the  explosion  stroke  and  give  it  out  during 
the  compression  stroke.  Fig.  250  shows  a  crank  moment 
diagram  of  a  four  cylinder  4x5  inch  motor  for  one-half  revo- 
lution, this  diagram  repeating  itself  every  half  revolution. 
It  will  be  seen  that  in  this  case  the  flywheel  must  store  up 
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lOg  foot-pounds  of  energy  during  th«  first  bsJf  of  every  itroke 
and  give  it  out  again  during  the  last  half.  Fig.  251  shows  a 
crank  moment  diagram  for  a  six  cylinder  4x5  inch  motor  for 
two-thirds  of  a  revolution.  In  this  case  the  flywheel  must 
■tore  up  and  deliver  periodically  83  foot-pound).     The  fly- 


FiG.  249.— Low  Speed  Crank  Moment  Diagram  of  Doublb 
Cylinder  Equally  Timed  4x5  Inch  Motok. 


wheel  capacities  required  with  engines  of  different  numbers  of 
equal  sized  cylinders  for  the  same  degree  of  regularity  of  opera- 
tion therefore  compare  as   follows : 


Single    cylinder    100%    Six  eylinder    ... 

rtaublf    cylinder,  equally  timsd     80%    £igbl  cylinder    , 
Four  cylindtr    44%  Twelve  cjlinder 
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AfS  a  matter  of  fact,  much  greater  flywheel  capacities  than  those 
indicaled  are  used  on  multi-cylinder  engines,  for  the  reason  that 
a  car  with  such  an  engine  is  expected  to  throttle  down  much 
lower  than  one  with  only  a  few  cylinders. 

Effect  on  Flexibility  and  Starting  of  Motor  and   Car. —  . 
There   is  another  way  of   looking  at  the  matter  of   flywheel 
capacity,  namely  from  the  standpoint  of  vehicle  starting.    The 


Fig.  250.— Low  Speed  Ckank  Fia  251.— Low  Speed  Crank 
Moment  Diagrau  ov  Poub  Moment  Diagram  or  Six 
CvuNDo  4x5   Incb   Motor.       Cyundeb  4x3  Inch   Motqb. 

throttle  cannot  be  fully  opened  before  the  clutch  is  let  in,  as 
otherwise  the  engine  would  be  speeded  up  excessively.  Con- 
sequently if  it  is  desired  to  get  away   fairly  quickly  the  fly- 
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wheel  must  furnish  a  good  deal  of  energy.  If  the  flsrwheels  of 
four  and  six  cylinder  motors  were  made  as  small  as  indicated 
by  the  above  comparative  table  there  would  be  considerable  dan- 
ger of  stalling  the  motor  when  letting  the  clutch  in  rather 
quiddy,  especially  if  the  power  of  the  motor  is  low  as  com- 
pared with  the  weight  of  the  vehicle  and  the  low  gear  reduction 
ratio  is  not  very  great  The  flywheels  of  these  multicylinder 
motors  are  therefore  generally  made  larger  than  indicated  by 
the  comparison.  Moreover,  when  using  four  or  six  cylinders  one 
naturally  wants  a  very  flexible  motor  which  will  run  through  a 
wide  range  of  speed  under  full  torque.  With  a  single  cylinder 
motor  this  is  not  well  possible,  as  it  would  require  an  enormously 
heavy  flywheel,  but  with  a  multicylinder  motor  the  end  can  be 
attained  with  moderate  flywheel  capacity,  and  is,  therefore,  within 
the  limits  of  practical  possibility. 

Another  reason  for  making  four  and  six  cylinder  flywheels 
somewhat  larger  than  required  by  running  conditions  of  the 
motor  is  that  it  facilitates  starting  of  the  motor.  Without  a 
flywheel  it  would  be  impossible  for  the  operator  of  average 
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Fig.  252. 

stre:igth  to  turn  the  crankshaft  of  a  motor  of,  say,  5  inch  bore, 
against  compression.  The  provision  of  a  heavy  flywheel  enables 
him,  when  spinning  the  motor,  to  supply  the  requisite  energy 
for  compressing  the  charge  at  a  practically  uniform  rate  during 
two  revolutions  of  the  flywheel.  The  greater  the  flywheel  ca- 
pacity the  less  will  be  the  fluctuation  of  the  cranking  resistance 
at  a  oertain  average  cranking  speed. 

Energy  Stored  In  Flywheel— The  kinetic  energy  of  a  mov- 
ing weight  is 

when  w  is  given  in  pounds,  v  in  feet  per  second  and  g  is 
the  acceleration  of  gravity '■32.16  feet  per  second  per  second. 
Now,  referring  to  the  sketch  Fig.  252,  let  w  be  the  weight  of  a 

small  particle  of  matter  in  the  rim  of  a  flywheel  at  a  distance    -^ 

feet  from  the  centre  of  rotation,  and  let  the  flywheel  rotate  with 
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an  angular  speed  of   -^    revolutions  per  second.    Then  the  Ydoc- 

60 

ity  of  the  particle  w  is  evidently 

2V f€€t  per  second, 

xa  60 

and  the  energy  stored  up  by  the  particle  w  is 

£  ^  — =— - — r-  ss foot'^unds (75) 

The  angular   speed   of  the  motor  is  generally  expressed   in 
radians  per  second — 

2ir« 

60 

and  substituting  this  in  equation  (75)  we  have 


i?=  «•_«''' 


288  i' 


(76) 
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Fig.  253. 


The  expression 


IV  r' 


or 


f{n)'' 


is  known  as  the 


polar  moment  of  inertia  (/p)  and  is  a  measure  of  the  flywheel 
capacity.    In  calculating  this  dimension,  w  is  expressed  in  pounds ; 

—  represents  feet,  and  g  is  expressed  in  feet  per  second  per 
12 

second,  hence  the  polar  moment  of  inertia  or  flywheel  capacity 
is  expressed  in  feet-pound-seconds'.  The  stored  energy  may 
therefore  also  be  expressed  as  follows: 

Now  consider  a  flywheel  with  a  rim  of  rectangular  cross 
section,  as  shown  in  Fig.  253.  Take  a  thin  cylindrical  shell  of 
radius  r  inches  and  thickness  dr.  All  the  metal  in  this  thin 
shell  mav  be  considered  at  a  uniform  distance  r  from  the  centre 
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of  rotation.  If  the  flywheel  is  made  of  cast  iron — the  common 
material — which  weighs  0.26  pound  per  cubic  inch,  the  weight  of 
metal  in  the  shell  is 

u/ ss  2  v  r  a  </r  X  o .  26  as  o .  52  T  a  r  </r /<>M»<f5, 

and  the  velocity 


« 2vrn 


12X60 

tr^  — 

144  X  3600 

I  up 

A  r*  r*  f2* 
•  144  X3600 

^g 

o.52»*«*a  f^  dr 

hence 


and  the  energy  siloxed  up 

*\      CO   4rt  •«'  #«    AP*  ^«o 

^  <77) 

259,200^ 

In  order  to  find  the  energy  stored  up  in  the  entire  rim  we  must 
integrate  this  expression  between  the  limits  n.  the  internal 
radius,  and  r^  the  external  radius. 

^ o.  52  IT*  «» g  r* </r  _ 
259200^ 

a52  »*n*a      /*.'»  ^ 
J  7-^ 


/; 


dr 


259.200^  ^    y^^ 


0.52ir'«*a  I  r%  —  r\ 
259.200^ 


{^) 


g^^*-**  — »-*!)  /<W/  ^IIW^5 (78) 


2,068000 


In  practical  work  sufficient  accuracy  is  obtained  by  considering ^ 
the  entire  weight  of  the  rim  concentrated  at  a  distance  from 
the  axis  of  rotation  equal  to  the  arithmetical  mean  between  the 
inner  and  outer  radii  of  the  rim.     The  weight  of  the  rim  is 


=  \r\  —  r\y  a  X  0,26  pounds. 


and  th9  maao  radius  is 

- —  inches, 

2 

The   linear  velocity  of  a  point   at  the  middle  of  the   rim   is 
therefore 
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60  \      12      / 


feet  per  second. 


After  these  two  values  have  been  found  they  are  inserted  in 
the  formula  for  kinetic  energy  and  the  calculation  is  carried 
through.  As  a  rule  only  the  energy  stored  in  the  rim  is  calcu- 
lated with,  though,  of  course,  the  spokes  or  web  also  have  some 
flywheel  effect 

Dependence  of  Flywheel  Capacity  Required  on  Bore  and 
Stroke^-In  the  foregoing^  we  investigated  the  flywheel  capacities 
required  in  motors  with  different  numbers  of  cylinders.  We  will 
now  consider  the  problem  of  how  the  flywheel  capacity  should 
vary  with  the  bore  and  stroke,  the  number  and  arrangement  of 
the  cylinders  remaining  the  same.  Take  a  single  cylinder  motor, 
for  instance.  All  the  energy  is  developed  during  the  power 
stroke,  but  the  motor  does  work  at  a  substantially  uniform  rate 
during  all  four  strokes.  The  flywheel^  therefore,  must  store  up 
about  three  quarters  of  the  energy  liberated  by  the  explosion.  In 
reality  the  fraction  is  a  little  higher,  because  during  the  compres- 
sion stroke  the  fl3rwheel  must  supply  the  energy  not  only  for 
doing  the  outside  work  but  also  for  compressing  the  charge. 
The  point  is  that  a  certain  fixed  percentage  of  the  energy  of 
each  explosion  is  stored  in  the  flywheel,  and  the  fluctuation  in 
its  speed  caused  by  the  absorption  and  return  of  this  energy  must 
not  exceed  a  certain  percentage.  Now,  the  energy  of  an  ex- 
plosion is  directly  proportional  to  the  piston  displacement  or  to 
the  expression  &*/  (J)  being  the  bore  and  /  the  lengtii  of  stroke). 
We  have  already  found  an  expression  (76)  for  the  energy  storing 
capacity  of  the  flywheel,  and  we  may  therefore  write 


IV  r* 


*''-     "*       i887    <79) 

But  the  angular  velocity  »  increases  as  the  length  of  the 
stroke  /  decreases,  and  vice  versa.  It  was  formerly  considered 
that  the  two  factors  varied  in  direct  inverse  ratio,  but  it  is 
now  generally  admitted  that  a  long  stroke  motor  will  run  at 
higher  piston  speeds  than  a  short  stroke  one,  and  it  is  therefore 
advisable  to  write 

X 

Insorting  this  valne  in  proportiooality  (79)  we  haye 

I  288^ 
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*'^-ii^' (- 

An  analysis  of  considerable  data  regarding  flywheel  dimensions 
on  hand  shows  that  the  average  proportions  are  as  follows: 

For  single  cylinder  motors 

tu  r* b*  <* 

288^*"  875 

For  doable  cylinder  motors  exploding  at  equal  intervals 

288  £r  1000 

and  for  four  to  twelve  cylinder  motors 

zu  r«      b*  /« 
288  ^~  IIOO 

These  eqoations  can  be  simplified  so  as  to  give  the  weight  in  the 
rim  directly — 

For  single  cylinder  motors 

ZC/SSX0.6  I 1    pounds (81 

for  double  cylinder  motors  with  explosions  equally  spaced 

w^^^^  I j    pounds (82) 

and  for  motors  of  four  or  more  cylinders 

u/»8.4  (  —  )  pounds (83 


MtY 


The  outside  diameter  of  the  flywheel  is  a  function  of  the 
length  of  stroke  and  is  generally  made 

d.^Ml (84) 

However,  in  determining  this  diameter  the  road  clearance  has  to 
be  taken  into  consideration,  since  the  flywheel  is  usually  the 
lowest  part  on  the  car,  and  on  American  roads  a  clearance  of 
about  10  inches  at  the  middle  of  the  chassis  is  essential.  It  is 
to  be  presumed  that  now  that  long  stroke  motors  are  coming 
into  favor  the  ratio  between  flywheel  outside  diameter  and  piston 
stroke  will  be  reduced,  since  it  is  hardly  practical  to  make  the 
outside  diameter  more  than  20  inches  on  a  touring  car.  The 
advantage  of  large  diameters  in  flywheels  is  clearly  shown  by 
equations  (81)  to  (83),  the  required  wheel  rim  weight  being  in- 
versely proportional  to  the  square  of  the  mean  radius  of  the 
rim. 

The  above  equations  give  the  average  weight  of  flywheels  as 
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fitted  at  present.  It  sh6uld  be  pointed  out  that  a  heavier  fly- 
wheel makes  it  easier  to  spin  the  motor  in  starting,  more  diffi- 
cult to  stall  the  motor  by  letting  in  the  clutch  a  little  too  rapidly, 
makes  the  motor  more  flexible  and  gives  a  tnore  uniform  torque, 
thus  reducing  the  stresses  in  the  transmission  members  and  on 
the  tires.  Therefore,  wherever  a  little  extra  weight  is  not  of 
great  importance,  it  is  advisable  to  make  the  flywheel  somewhat 
heavier  than  the  weight  given  by  the  above  formula.  Also  in 
motors  with  unusually  high  compression  a  slightly  greater  fly- 
wheel capacity  than  found  from  the  equations  should  fie  pro- 
vided, because  the  energy  of  an  explosion  increases  with  the 
compression  pressure,  and  so  does  the  work  of  compression. 

A  four  cylinder  4x5  inch  engine  should  have  a  flywheel  with 
2l  mean  radius  of  gyration  of  about  7.5  inches  and  the  weiglit 
in  the  rim  required  according  to  equation  (83)  would  be 


SA(^y  =  ^  pounds. 


Now,  suppose  that  the  resistance  of  the  load  is  substantially 
constant,  as  it  would  be  in  pulling  slowly  up  a  steep  hill  on  the 
low  gear,  requiring  the  entire  torque  of  the  motor.  At  what 
speed  would  the  motor  become  stalled?  x 

We  found  previously  that  in  a  motor  of  this  size  when  running 
under  full  throttle  the  flywheel  alternately  stores  and  gives  out* 
169  foot-pounds.  The  motor  will  stall,  of  course,  when  the  maxi- 
mum speed  during  a  cycle,  which  is  attained  just  before  the  end 
of  the  power  stroke,  is  such  that  the  energy  stored  in  the  fly- 
wheel is  169  foot-pounds.   We  then  have 


(*-»)' 


tur 

=  Z69 


288^ 

from  which  we  And  n-3.5  revolutions  per  second  or  210  revolu 
tions  per  minute:  Since  the  motor  speed  vtiries  between  this 
and  zero  during  a  cycle,  the  average  speed  just  before  stalling 
will  be  approximately  half  this  or  105  revolutions  per  minute. 
Of  course,  the  motor  will  run  very  irregularly  at  speeds  only 
slightly  exceeding  this  flgure. 

Centrifugal  Force  on  Flywheel — When  a  flywheel  revolves 
about  its  axis  every  particle  of  matter  in  it  is  subjected  to  cen- 
trifugal force  which  acts  radially  outward.  The  value  of  this 
force  has  already  been  given  as 

F -1.226  w  n*  r, 
where  n  is  the  number  of  revolutions  per  second  and  r  the  radius 
of  rotation  in  feet.    It  will,  however,  be  better  to  continue  to 
express  n  in  revolutions  per  minute  and  r  in  inches,  in  which 
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case  we  hjive 

35.240 

The  weight  w  of  the  rim  is  approximately 

2   «*  r  A  aX  0.26 pounds, 
where  A  is  the  radial  depth  of  the  rim  in  inches.    Inserting  this 
value  in  the  equation  for  the  centrifugal  force  we  have 

jp  —  —    {appr.) 

68.000     ^  ^^ 

This  centrifugal  force  tends  to  rupture  the  rim  in  a  plane 
passing  through  its  axis.  The  component  of  the  centrifugal  force 
perpendicular  to  this  plane  is  equal  to  one-half  the  total  force 
multiplied  by  the  ratio  of  the  diameter  to  half  the  circumfer- 
ence 

.   p       T  r^  n}  h  a      1      a  r      r^  n^  h  a 
68.000     ^  2^Tr        68,000 
This  tension  is  taken  up  by  two  cross  sections  ,at  opposite 
ends  of  a  diameter  whose  combined  area  is  2  A  a  square  inches. 
The  unit  stress  therefore  is 

,  r^n^  ha 

pounds  per  square  inch. 


136,000 

Taking  the  tensile  strength  of  ordinary  cast  iron  to  be  i6»ooo 
pounds  per  square  inch»  a  flywheel  would  burst  when  running 
at  a  speed 


«=-/ 


/ 


-rr  ^  / 16,000  X  136,000  ...  .        ^'       s^ 

—  '  '      • j-=-J revolultons  fer  minute. 

The  maximum  value  of  r  for  automobile  flywheels  is  about  9 
inches,  hence  the  bursting  speed  is 

16.000  X  136.000         ^g^  ^^^       ^ 

9X9 

Of  course,  if  there  are  blowholes  or  similar  defects  in  the 
casting  it  may  burst  at  a  lower  speed.  The  ordinary  4x5  inch 
engine  would  not  be  able  to  exceed  one-half  this  speed,  and 
since  the  centrifugal  force  varies  as  the  square  of  the  number 
of  revolutions  per  minute,  it  would  then  still  have  a  factor  of 
safety  of  4.  A  .few  manufacturers  have  used  steel  flywheels, 
and  steel  i^unders  have  made  efforts  to  introduce  these  wheels, 
but  they  stand  little  chance  of  general  adoption,  owing  to 
their  high  cost.  In  regard  to  the  safety  of  flywheels,  it  should  be 
pointed  out  that  this  is  further  increased  by  a  solid  web,  as  very ' 
generally  used.    Where  steel  flywheels  are  used  the  outside  diam- 
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eter  is  generally  made  somewhat  grdtter  than  in  the  case  of  cast 
iron  wheels.  Thus  the  110x140  mm.  (4upc5.6  inch)  Mercedes 
motor  has  a  cast  steel  flywheel  with  an  outside  diameter  of 
about  21.5  inches. 

Fluctuations  in  Car  Speed — In  connection  with  the  flywheel 
capacity  of  the  motor  the  flywheel  effect  of  the  car  itself  when 
going  at  speed  must  be  taken  into  account.  It  was  assumed  so 
far  that  the  resisting  moment  on  the  motor  was  constant.  This, 
however,  is  by  no  means  the  case  when  the  car  is  traveling  at  a 
fairly  high  speed.  It  then  has  stored  up  a  great  deal  of  kinetic 
energy,  upon  which  it  draws  immediately  the  motor  slows  down 
in  speed.  A  couple  of  examples  will  show  the  fluctuations  in  ve- 
hicle speed  under  more  or  less  extreme  conditions. 

In  a  four  cylinder  4x5  inch  motor  running  at  normal  speed, 
it  is  found  that  the  excess  energy  given  out  by  the  motor 
during  part  of  each  stroke  is  140  foot-pounds.  Owing  to  the  in- 
ertia of  the  reciprocating  parts,  the  motor  gives  out  this  excess 
energy  during  the  last  half  of  each  stroke,  instead  of  during 
the  first  half,  as  might  be  expected.  Consequently  the  motor  and 
the  car  will  actually  slow  down  immediately  after  an  explosion 
and  speed  up  just  before  an  explosion.  The  140  foot-pounds 
excess  energy  will  speed  up  both  the  flywheel  and  the  whole  car. 
Since  the  flywheel  is  rigidly  connected  to  the  driving  wheels,  the 
speeds  of  the  two  will  increase  and  decrease  in  the  same  pro- 
portion. 

Denoting  the  weight  and  velocity  of  the  car  by  capitals  and  the 
weight  and  velocity  of  the  flywheel  rim  by  small  letters,  we  have 

Total  energy  stored  up  at  normal  speed: 

Total  energy  stored  up  at  minimum  speed : 


We  know  that 


^9 


^V^^vr^\^__^WV.^^wv^Y  140  iooHounds, (85) 


also  that 

from  which  it  follows  that 

Substituting  in  equation  (85) 
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57 =140 (86) 

We  will  assume  that  the  weight  W  of  the  car  with  passengers 
is  2,500  pounds  and  the  weight  w  of  the  flywheel  rim  60  pounds 
The  flywheel  rim  has  a  mean  diameter  of  15  indies  and  its  linear 
speed  when  the  motor  turns  at  1,200  revolutions  per  minute  is 

3«i4i6  X  15  X  1200 

,2  X  60 =  78-5  f^^^  t^^  second. 

We  will  suppose  that  the  car  is  provided  with  32  inch  driving 
wheels,  and  that  these  are  geared  in  the  ratio  of  3:1  on  the  higB 
gear.    The  car  speed  then  is 

1200       32 
3X60 X ^ X  3-14  =  55-8  feet  fer  second. 

Inserting  the  values  thus  found  in  equation  (86)  we  have 

25ooX55-8'  +  6oX78.5*— 2500^1'— 60-^,78. 5«  =2X32. 3X140 
which  when  solved  gives 

^1  ==  55 .  77  feet  fer  second. 

Similarly  we  find  that  the  maximum  speed,  near  the  end  of  the 
explosion  stroke,  is  55.83  feet  per  second.  Consequently  the  car 
speed  ranges  between  55.77  and  55.83  feet  per  second,  a  variation 
of  less  than  one-tenth  of  i  per  cent. 

Now  consider  that  the  car  is  pulling  up  a  steep  hill  on  the 
low  gear,  which  may  be  considered  to  be  one-fourth  as  high  as 
the  high  gear.  Also  let  the  engine  be  pulled  down  to  400  revo- 
lutions per  minute.    The  car  speed  V  is  then 

55-8 

y.    "  =  4 . 65  feet  per  second 
3  /N  4 

and  the  flywheel  rim  speed  v 

78.5 

'         =  26. 17  feet  per  second. 

Substituting  these  values  in  equation   (86)   we  have 

25ooX4.65*+6oX26.i7'  — 2500  Fj*— 60^^,26. I7*=i69  X  2^. 

which  when  solved  gives 

Ft  "4.38  feet  per  second. 
In  the  same  way  we  find  that  the  maximum  momentary  speed 

V%  =  4-91. 
The  speed  fluctuation  under  these  conditions  is,  therefore, 

(4.91  —  4.38)100 

z, =  11, 4  per  cent, 

4-65  ^^ 
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nf  the  average.  The  fluctuation  would  be  still  greater  if 
under  the  above  running  conditions  one  of  the  cylinders  should 
miss  an  explosion.  It  can  be  easily  ^hown  that  in  that  case  584 
ioot-pounds  of  energy  would  be  withdrawn  from  the  system  and 
the  speed  would  drop  to  3.62  feet  per  second.  A  sudden  drop  in 
cne  speed  of  the  car  from  4.91  to  3.62  feet  per  second  would,  of 
course,  be  very  distinctly  and  disagreeably  noticeable. 

Rim  and  Web  or  Spokes— The  flywheel  generally  serves 
as  one  member  of  the  friction  clutch,  and  this  determines  its 
&hape  to  quite  an  extent  If  a  conical  clutch  is  used  the  rim  of 
the  flywheel  is  generally  bored  out  on  the  inside  to  form  a  conical 
surface  whose  generatrices  make  an  angle  of  about  7.5  degrees 
with  the  axis  of  the  cone.  Fig.  254  shows  a  sectional  view  of  a 
typical  flywheel  chambered  out  for  a  conical  clutch.  If  a  multiple 
disc  clutch  is  used  a  housing  for  the  dutch  is  generally  cast  inte- 
^ri'al  with  the  flywheel/ of  a  considerably  smaller  diameter  than 
the  rim.  In  proportioning  the  rim  it  is  advantageous  to  make  it 
rather  wide  faced  and  not  very  deep  radially,  so  as  to  make  the 
mean  diameter  as  nearly  equal  to  the  outer  diameter  as  possible. 
In  American  practice  most  flywheels  are  now  made  with  solid 
webs  of  half  an  inch  thickness.  If  the  flywheel  is  bolted  to  an 
integral  flange  on  the  crankshaft  the  web  is  generally  formed  with 
a  circular  offset  which  is  bored  out  to  receive  the  flange,  so  as  to 
accurately  centre  the  flywheel.  The  number  and  size  of  bolts 
to  use  and  their  distance  from  the  axis  was  discussed  in  the  chap- 
ter on  the  Crankshaft  It  may  here  be  repeated  that  it  is  advan- 
tageous to  use  dowel  bushings  around  the  bolts. 

Keying  Flywlieels — Occasionally  the  flywheel  is  secured  to 
the  crankshaft  by  means  of  a  key.  On  the  whole  this  method  is 
not  very  satisfactory,  as  the  key  is  apt  to  loosen  sooner  or  later 
and  to  cause  a  very  disagreeable  knock.  Where  this  construc- 
tion is  used  the  key  should  be  made  as  large  as  it  can  con- 
veniently be  made.  In  some  constructions  of  this  type  the  shear- 
ing area  of  the  key  is 

^_.   tc/r* 
x35oS» 

wher«  w  is  the  weight  of  the  rim  in  pounds,  r  fht  mean  radius  of 
the  rim  in  inches,  and  d  the  diameter  of  the  shaft  where  the  fly- 
wheel is  keyed  to  it  In  stationary  gas  engine  practice,  where 
flywheels  are  commonly  keyed  to  the  crankshaft,  the  hubs  are 
made  of  a  diameter  equal  to  twice  the  diameter  of  the  shaft 
and  of  a  length  equal  to  1.75— two  times  the  diameter  of  the  shaft 
l*he  width  of  the  key  is  made  about  one-flfth  the  shaft  diameter. 
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Since  the  materials  are  the  same,  these  proportions  should  also 
be  b«st  for  automobile  practice,,  and  the  few  instances  of  keyed 
flywheels  of  which  we  know  accord  very  well  with  these  rules. 

One  plan  resorted  to  in  order  to  increase  the  strength  of  keyed 
joints  of  cast  iron  flywheels  is  to  provide  them  with  a  steel 
flanged  hub  to  which  the  web  of  the  flywheel  is  bolted  in  the 
usual  way,  as  shown  in  Fig.  254.    Steel  is  superior  to  cast  iron  in 
respect  to  both  compressive  and  shearing  strength,  and  with  a 
certain    size    of    key    the    joint    wiU    un- 
doubtedly be  m^re  secure  if  it  is  between 
steel    and   steel    than    when   it    is   between 
steel  and  cast  iroa     It  is  customary  when 
keying   a    flywheel   to    the    crankshaft    to 
taper  the  bore  of  the  hub  and  the  seat 
for  it  on  the  shaft  one-eighth  of  an  inch 
per  inch  in  length,  and   drawing  the  fly- 
wheel up  on  its  seat  by  means  of  a  nut. 

Fan  Wheels — A  few  manufacturers, 
following  a  practice  first  introduced  by  the 
Daimler  Motor  Company,  of  Germany,  cast 
their  flywheels  with  fan  shaped  spokes,  so 
that  it  will  aid  the  radiator  fan  in  creating 
a  draught  through  the  radiator  (see  Fig. 
255).  Some  makers  place  the  flywheel  at 
the  front  end  of  the  motor  directly  back 
of  the  radiator  and  depend  entirely  upon 
its  fan  shaped  Spokes  for  producing  the 
radiator  draught  Fan  flywheels  are  used 
in  conjunction  with  both  cone  and  mul- 
tiple disc  or  band  clutches.  The  cone  clutch 
is  generally  about  the  same  diameter  as  the 

flywheel  rim,  and  the  clutch  cone  must  then     pjg_  254. Cast 

be  provided  with  spokes,  so  the  air  moved  j^qh  Flywhbkl 
by  the  flywheel  may  pass  throt^h  iL  Oc-  WiTB  StEEL 
casionally  the  clutch  spokes  are  also  made  Hub. 

fan   shaped,   so  as  to  assist  the  flywheel 
spokes  rather  than  act  as  an  obstruction  to  the  air  moved  by 

H  the  multiple  disc  clutch  is  used,  this  is  generalljr  only  of 
about  half  the  outside  diameter  of  the  flywheel  rim.  The  fly- 
wheel is  then  cast  with  the  clutch  housing  in  the  centre  and  fan 
spokes  connecting  the  outside  of  the  housing  with  the  inside  of 
the  rim.  The  spokes  are  preferably  laid  out  helix  fashion. 
Consider  a  median  surface  through  the  spoke  parallel  with  it* 
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sidet.  The  line  of  intersection  of  this  surface  with  the  inner 
■urfice  of  the  rim  cut*  the  generatricei  of  the  latter  surface 
at  a  constant  angle.  There  does  not  seem  to  be  much  uniformitj 
in  the  design  of  these  spokes,  the  "angular  advance"  or  lead" 
of  the  helix  varying  between  wide  limits.  For  average  Btzed 
engines  a  lead  of  40  inches  seems  to  give  good  results.  Tliat 
is,  if  the  flywheel  rim  were  extended  to  a  great  length  and  the 
■poke  the  sun^  the  jotot  of  the  spoke  with  the  rim  would  make 
a  complete  revolution  in  40  inches  measured  along  die  axis  of 
the  flywheel.  Each  point  of  the  intersection  of  the  helix  with 
the  inner  surface  of  the  rim  connects  to  the  axia  by  a  itraighl 


n^~ 

\ 

h-~ 

--^ 

V 

C~    \  '"^  >   ■ 

Fic.  255.— Fan  Flywheel. 


line  perpendicular  to  the  axis.     These  flywheels  are  generall) 
made  with  either  five  or  lix  spokes. 

Machining  Flywheels— Flywheels  can  be  machined  to  advan- 
tage in  a  vertical  turret  lathe.  A  method  of  machining  a  typical 
form  in  a  BuUard  lathe  is  illustrated  in  Fig.  2S6.  The  flywheel 
is  mounted  on  the  revolving  table,  first  with  one  face  up  and  then  < 
with  the  other,  and  with  these  two  settings  the  wheel  is  borei 
out  and  machined  all  over.     A  cast  iron  G/wheel  of  the  tyi« 
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Fig.  256. — Machining  a  Flywheel. 
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■hown,  about  i6  inches  in  diameter,  can  be  completely  macbined 
in  about  thirty  minutes.  The  illustration  clearly  shows  each  of 
the  successive  operations. 

Balancing  Flywheels — Tne  flywheel  is  by  far  the  most  im- 
portant rotating  part  of  the  motor,  and  in  order  that  the  latter 
may  run  smoothly  and  without  unduff  vibration,  the  fr.cmrr 
must  be  carefully  balanced.  It  is  not  sufficient  that  it  be  in 
static  balance;  that  is,  that  it  will  remain  in  any  position  when 
mounted  on  a  shaft  and  placed  on  two  balance  ways ;  it 
must  also  be  in  running  balance.    Of  course,  if  it  is  machined 


Fig.  257.— Defunce  Flywheel  BALANaNc  Machine. 

all  over,  and  the  work  is  carefully  done,  it  is  almost  certain 
to  be  in  true  running  balance.  Not  so  if  the  wheel  is  spoked, 
for  instance,  and  cannot  be  finished  on  and  between  the  spokes. 
In  that  case  it  is  necessary  to  test  for  running  balance,  for  which 
purpose  the  machine  shown  in  Fig.  257  was  designed  by  the 
Defiance  Machine  Works,  of  Defiance,  Ohio.  It  consists  of  a 
conical  frame  in  the  centre  of  which  is  placed  a  vertical  ground 
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steel  spindle  standing  in  a  step  bearing  in  the  base  of  the  frame 
and  passing  up  through  a  long  bearing  at  the  top.  This  spindle 
at  its  upper  end  carries  a  face  plate  provided  with' two  driving 
pins  which  project  upward  parallel  with  the  axis  of, the  spindle. 
A  steel  centre  with  tapered  shank  is  fitted  into  the  vertical 
spindle,  the  upper  end  of  the  centre  being  reduced  to  a  point  upon 
which  the  flywheel  to  be  balanced  rests. 

The  vertical  spindle  is  rotated  by  friction  gearing  from  a 
horizontal  shaft  carried  in  suitable  bearings  in  the  base  of  the 
machine.  The  horizontal  shaft  is  in  two  parts,  which  are  con- 
nected by  a  friction  clutch  and  moved  longitudinally  by  means 
of  a  *counterweighted  lever,  so  arranged  that  the  weight  serves 
to  press  the  clutches  togeUier  when  it  is  desired  to  rotate  the 
vertical  spindle,  and  to  disconnect  the  clutches  when  it  is  de- 
sired to  examine,  test  and  mark  the  flywheel  while  running  alone, 
a^  the  driving  pins  are  liable,  when  pressing  against  the  fly- 
wheel, to  produce  uneven  rotation.  The  true  unbalanced  condi- 
tion is  best  shown  when  the  disturbing  influence  of  the  motive 
power  is  withdrawn. 

The  method  of  using  this  machine  is  as  follows :  First  a  stand- 
ing balance  is  produced  by  applying  a  weight  to  the  inside  of  the 
rim.  Then  the  flywheel  is  rotated  and  the  edge  of  the  rim 
marked  with  a  pencil  of  moistened  chalk.  I!  the  mark  occurs 
within  one-fourth  of  the  circumference  of  the  wheel  from  the 
weight  in  the  direction  of  rotation  the  weight  is  raised  and  at  the 
same  time  advanced  toward  the  mark.  If  the  mark  occurs  at 
more  than  one-fourth  the  circumference  from  the  weight  the 
weight  is  lowered  and  placed  further  back  from  the  mark.  If  the 
edge  of  the  wheel  is  reached  in  this  way  and  the  wheel  still  runs 
out  a  counterweight  should  be  placed  diametrically  and  trans- 
versely opposite.  The  weight  should  always  be  so  adjusted  that 
the  standing  balance  is  not  disturbed.  Where  it  is  not  permissible 
to  attach  weights  material  must  be  removed  from  the  rim  in 
order  to  effect  a  balance,  and  the  reverse  process  must  then  be 
followed,  but  frequently  the  use  of  trial  weights  facilitates  the 
solution. 


CHAPTER  XVI. 


SPEED  CONTROIr-THE  GOVERNOR. 

The  speed  of  an  automobile  motor  is  controlled  by  means  of 
a  throttle  valve  in  the  gas  inlet  pipe,  which  is  generally  of  the 
butterfly  type,  but  occasionally— especially  on  foreign  cars — of 
the  barrel  type.  As  a  rule  the  throttle  forms  an  integral  part  of 
the  carburetor,  and  its  design,  therefore,  need  not  be  discussed 
here.  The  throttle  valve  is  connected  to  a  finger  lever  located  on 
top  of  the  steering  wheel  or  underneath  it  on  the  steering  column, 
and  frequently  also  to  an  accelerator  pedal,  so  that  the  driver 
can  vary  the  gas  supply  to  the  motor  at  will,  and  hence  control 
its  speed.  One  method  of  arranging  the  connections  between  the 
throttle  arm  and  the  throttle  lever  and  accelerator  pedal  respec- 
tively, is  as  follows:  To  the  throttle  arm  is  connected  a  spring 
which  always  tends  to  close  the  throttle.  The  throttle  lever  con- 
nects to  the  throttle  arm  by  means  of  a  rod  having  a  sliding 
joint,  so  that  the  throttle  can  be  opened  beyond  the  position  for 
which  the  throttle  lever  is  set  without  disturbing  the  setting  of 
that  lever.  The  accelerator  pedal  is  held  in  the  closed  position 
by  means  of  a  spring  and  connects  to  the  throttle  arm  by  means 
of  a  rod  in  such  a  way  that  the  arm  can  move  through  a  certain 
range  without  moving  the  rod.  This  is  accomplished  by  passing 
the  rod  through  an  opening  in  the  throttle  arm  and  providing 
it  with  stops  on  both  sides  of  the  throttle  arm  but  at  some  dis- 
tance therefrom,  and  interposing  a  spring  between  the  throttle 
arm  and  one  of  the  stops. 

Whenever  the  load  on  the  motor  is  decreased  the  motor  has 
a  tendency  to  speed  up.  This  tendency  to  "race"  is  especially 
strong  when  the  clutch  is  withdrawn  and,  therefore,  all  load  re- 
moved. In  order  to  prevent  the  motor  from  unduly  speeding  up 
under  these  conditions  the  throttle  must  always  be  closed  im- 
mediately. It  is  a  well  known  fact  that  careless  drivers  will  dis- 
regard this  rulei  thereby  injuring  the  motor.  For  this  reason  the 
motors  on  those  types  of  cars  which,  as  a  rule,  are  not  driven 
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by  the  owners  themselves,  are  frequently  fitted  with  governors 
which  keep  the  speed  of  the  motor  within  certain  limits.  At 
present  the  grtat  majority  of  truck  motors,  and  also  the  motors 
on  some  of  the  highest  grade  pleasure  cars,  are  fitted  with 
governors. 

There  are  two  general  types  of  governors  in  use  on  automobile 
motors,  viz.,  the  centrifugal  type  and  the  hydraulic  type.  We  will 
discuss  these  two  types  in  succession.  Whichever  type  is  used, 
it  is  connected  to  the  throttle  valve  in  such  a  manner  that  at 
soon  as  the  speed  for  which  it  is  set  is  exceeded,  it  closes  the 
throttle  valve  more  or  less,  so  as  to  keep  the  speed  within  the 
predetermined  limit.  In  addition  to  the  automatic  control  of  the 
engine,  some  form  of  hand  or  foot  control  is  sometimes  provided. 
The  governor  works  against  a  spring,  and  the  hand  or  foot 
control  mechanism  is  so  arranged  that  it  varies  the  position  of 
the  spring  rest,  in  which  case  the  governor  will  hold  the  engine 
at  any  speed  the  operator  may  desire. 

Centrifugal  Qovernors— The  centrifugal  governor,  in  die 
form  in  which  it  is  most  freqitently  used,  consists  of  two 
weights  carried  upon  one  of  the  revolving  parts  of  the  motor, 
generally  the  camshaft.  The  weights  are  carried  by  bell  cranks 
which  are  pivoted  on  brackets  rotating  with  the  shaft  and  gen- 
erally either  formed  integral  with  or  fixed  to  the  camshaft  gear. 
The  free  arms  of  the  bell  cranks  engage  with  a  grooved  sliding 
sleeve  on  the  camshaft.  This  sliding  sleeve  is  provided  with  a 
second  groove  into  which  engages  the  end  of  a  lever  or  bell 
crank  whose  other  end  connects  to  the  arm  of  the  throttle  valve. 
The  revolving^  weights  are  being  drawn  or  forced  together  by 
means  of  a  spring  or  springs  which  may  either  extend  between 
them  or  surround  the  shaft  and  exert  their  pressure  against  a 
stop  collar  and  the  sliding  sleeve  respectively.  Fig.  258  shows  a 
centrifugal  governor  in  diagram.  We  found  that  the  centrifugal 
force  on  rotating  bodies  is 

/»c  —  ■  ■■■     ./ 
35.240 

In  the  case  of  the  governor  this  force  is  balanced  by  the  spring 
force  in  any  position  of  equilibrium.  The  law  of  the  coiled  ex- 
tension spring  is  that  its  pull  is  proportional  to  the  extension. 
Let  a  be  the  length  of  the  spring  with  its  connections  in  the 
free  state.    Then  2  r  —  a  is  the  extension,  and  the  spring  force  it 

Ft  -c  (2r  — a). 
Hence 

=  f  (2  r  —  a) 

35.240 
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35,240^  a  s=  (70,480  f  —  a/fi')r 
r=_15i?40£a_ 

In  the  above  w  is  taken  as  the  weight  of  one  of  the  governor 
weights,  since  the  spring  tension  is  equal  to  the  centrifugal  force 
on  one  of  the  weights  only. 

It  will  at  once  be  seen  that  r  increases  with  the  speed  n.  The 
speed  at  which  the  governor  acts  is,  therefore,  necessarily 
higher  for  small  throttle  openings  or  light  engine  loads  than 
for  large  throttle  openings  or  heavy  loads,  but  the  difference 
between  the  two  speeds  need  not  be  very  great 


To  r^trottts 


FlG.  258.— Diagram  of  Centrifugal  Governor. 


Now  let  n  and  t%  be  the  smallest  and  greatest  radii  of  rota- 
tion, respectively,  of  the  governor  weights  and  %%.  and  n%  the  cor- 
responding speeds  of  balance.     Then,  from  equation  (87) • 

70,480  Ty^c  —  jv  n^  ri  =  70,480  rfC  —  wn^r% 

70,480  (r,  —  ri )  f  =  a/  («,*  r,  —  n^  ry ) 


abo 


c  =  —    '     ' 5 — ^'  pounds  per  tnch . 

70,480  (r,  —  rO 


(88) 


^^^       35.340  gg 

70,480  c «/»!* 

70,480  cr^  —  IV  «i*  ^,  =  35,240  c  a 
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35,240  tf 

«/  If,*  rt 
2  ri  — i — i.  ^ 

35»240^ 

35,240ic/(»,'ra  — Wi'rJ 
70,480  (rg  —  ri) 

2r,^^^''^^<V^'> (89 

In  the  above,  c  represents  the  tension  or  force  required  to  ex- 
tend the  spring  i  inch  in  length  and  a  the  length  of  the  spring 
in  the  free  state,  inclusive  of  the  hooks  or  connections  to  the 
centres  of  the  weights.  Now  let  it  be  desired  that  the  governor 
act  at  1,000  r.  p.  m.  of  the  motor  or  500  r.  p.  m.  of  the  cam- 
shaft when  the  throttle  is  fully  open,  and  at  1,200  r.  p.  m.  of 
the  motor  or  600  r.  p.  xxl  of  the  camshaft  when  the  throttle 
is  near  the  minimum  opening  position.  The  limiting  radii  of 
rotation  of  the  governor  weights  may  be  assumed  to  be  1.5  and 
2  inches  respectively,  and  the  weight  w  of  each  governor  ball  i 
pound.    Substituting  in  equation  (88) 

c  - 1  (600' X» -500*  XX -5)=     8  ^unds  fer  inch, 
70,480(2  —  1.5)  ''     '  '^ 

and  in  equation   (89) — 

„--x..  ,_  2  X  SOff  X  1.5  (2-1.5)      ,-,.    . 

*      *  ^  ' •'       6oo'Xa-50o'Xi.5    ^^'^  •'•'^*" 

The  combined  length  of  the  connections  from  the  ends  of  the 

spring  proper  to  the  centre  of  the  weights  can  be  kept  within 

0.42  inch,  in  which  case  the  length  of  the  spring  in  its  free  state 

should  be  1.5  inches.     If  there  are  to  be  two  springs,  one  at 

either  side  of  the  weights,  then  the  force  required  to  extend 

either  of  them  a  distance  of  i  inch  should  be 

2 

The  problem  then  consists  in  designing  a  helical  spring  which 
in  its  free  state  measures  1.5  inches  in  length,  which  will  extend 
at  the  rate  of  i  inch  per  4.9  pounds  applied  to  its  ends  and  which 
will  not  be  overstrained  by  extending  it  to 

4—0.42=3.58  inches. 

This  can  be  done  by  means  of  the  rules  for  the  design  of 
coiled  springs  which  were  given  in  the  chapter  on  Valves  and 
Valve  Gears.  If  the  springs  turn  out  to  be  of  unsuitable  size, 
the  assumptions  regarding  the  range  of  motion  of  the  governor 
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weights  or  the  speed  range  through  which  the  governor  acts 
can  be.  varied  and  the  calculation  made  over  again. 

Hunting — Suppose  the  governor  weights  to  occupy  a  certain 
position  intermediate  between  the  two  limiting  positions,  and  to 
be  held  in  equilibrium  by  the  centifugal  force  acting  outwardly 
and  the  tension  of  the  springs  acting  inwardly.  Now,  let  the 
speed  of  the  engine  be  gradually  increased.  This,  of  course, 
will  increase  the  centrifugal  force,  and  there  is  then  a  tendency 
for  the  weights  to  fly  out  from  the  axis  of  rotation.  However, 
there  will  be  no  actual  outward  motion  until  the  excess  of  cen- 
trifugal force  over  the  spring  force  is  sufficient  to  overcome  the 
static  friction  of  the  throttle  and  of  the  linkage  between  it  and 
the  governor  weights.  Hence  the  motor  will  gain  some  speed 
before  the  governor  begins  to  act.  The  moment  the  speed  be- 
comes great  enough  for  the  centrifugal  force  to  overcome  both 
the  spring  tension  and  the  frictional  resistance,  the  governor 
weights  fly  out  and  the  throttle  begins  to  dose.  Now,  as  soon 
as  the  throttle  and  its  linkage  begin  to  move,  their  resistance 
to  motion  is  somewhat  reduced,  according  to  the  well  known 
law  that  the  friction  of  rest  is  greater  than  the  friction  of 
motion.  The  result  is  that  the  throttle  will  be  closed  further 
than  it  really  should  in  order  to  keep  the  speed  of  the  motor  con- 
stant. The  motor  will  thereby  be  throttled  down  in  speed,  and 
the  throttle  in  turn  will  be  opened  wide  by  the  governor.  In 
this  way  the  throttle  may  be  opened  and  closed  by  the  governor 
and  the  motor  in  consequence  speed  up  and  slow  down  periodi- 
cally, a  phenomenon  known  as  "hunting."  Hunting  is  particu- 
larly likely  to  occur  when  starting  the  motor,  when  its  joints 
are  stiff.  It  can  be  reduced  to  a  minimum  by  careful  fitting  so 
that  the  friction  at  the  bearings  of  the  throttle  shaft  and  at  the 
joints  in  the  linkage  is  very  small,  and  by  carefully  balancing 
the  throttle  valve. 

Types  of  Centrifugal  Qovernort— The  typical  form  of  shaft 
governor  as  used  on  automobile  motors  is  illustrated  in  Fig.  259 
Two  bell  cranks  AA  carrying  the  governor  weights  BB  are 
pivoted  to  brackets  extending  from  the  web  of  the  cam  gear. 
The  governor  weights  are  connected  by  helical  springs  CC  se- 
cured to  them  by  hooks  at  opposite  ends.  The  inwardly  extend- 
ing arms  of  the  bell  cranks  engage  into  a  groove  on  the  sliding 
sleeve  D  on  the  camshaft  E.  Into  a  second  groove  on  this  sliding 
sleeve  engages  the  end  of  a  lever  arm  F  whose  shaft  extends 
through  and  has  a  bearing  in  the  wall  of  the  cam  gear  housing. 
This  shaft  at  its  end  outside  the  housing  carries  a  long  lever  G 
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from  which  connection  is  made  to  the  throttle  ann.  The  lengthi 
of  lever  G  and  the  throttle  arm  are  so  proportioned  that  the  range 
of  tHrottle  motion  corresponda  to  the  range  of  the  governor.    In 


the  illustration  provisions  for  adjusting  the  tension  of  the  gov 
emor  springs  CC  are  shown,  in  the  shape  of  hook  screws  HH, 
which  screw  through  the  projecting  ends  of  the  governor  weights 
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BB  and  are  locked  in  place  by  means  of  check  nuts.  However, 
such  adjusting  means  are  hardly  required  and  are  seldom  pro- 
vided. This  governor  is  enclosed  with  the  cam  gears  and  re- 
luires  no  special  housing. 

Fig.  260  shows  a  vertical  shaft  governor  as  fitted  to  the  Adier 
*ruck  motor.  The  shaft  may  be  extended  at  the  top  and  bottom 
to  drive  such  accessories  as  the  timer  and  the  oil  pump,  if  de< 
MsA.    The  governor  comprises  two  pivoted  weights  AA  devcl- 


Flc.  260. — Vebtical  Type  Govebkc«- 

3ped  k:  the  form  of  a  bell  crank,  whose  operating  arms  engage 
with  a  grooved  sleeve  B.  The  counter  spring  C  is  located  be- 
'ween  this  sleeve  and  the  shaft  The  sliding  sleeve  B  is  also  ii^ 
working  connection  with  the  lever  D.  The  shaft  of  this  levei 
extends  through  the  wall  of  the  housing  and  outside  the  housing 
carries  a  lever  arm  E  from  which  connection  is  made  to  the 
throttle  valve.  The  governor  shaft  receives  its  motion  from  the 
camshaft  through  a  pair  of  helical  gears,  the  driven  one  ot 
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which  ia  shown  at  F     Lubrication  of  the  governor  is  provided 
for  by  a  direct  oil  feed  to  the  top  bearing. 

The  Kovemor  shown  m  Fig.  261  was  used  by  the  Cadillac 
Motor  Car  Company  on  touring  car  motors  some  years  ago, 
and  is  an  adaptation  from  marine  steam  engine  practice.  The 
centrifugal  member  consists  of  a  metal  ring  A  which  is  pivoted 
to  the  double  armed  bracket  B  secured  to  the  vertical  shaft  C 


q3 


Fig.  26L— Ring  Type  Govehnor. 


which  is  driven  through  bevel  gears  from  the  camshaft  When 
the  engine  is  at  rest,  the  ring  A  is  held  in  an  inclined  position 
relative  to  shaft  C  by  means  of  the  spring  D  extending  between 
the  two  sliding  sieves  E  and  F  c/i  the  shaft  C.  The  sliding 
sleeve  F  is  connected  to  the  ring  A  through  a  link  G.  The 
sliding  sleeve  F  connects  through  the  bell  crank  H  to  the  throttle 
valve,  and  the  sliding  sleeve  E  connects  through  the  bell  crank  / 
with  the  throttle  lever  on  the  steering  wheel.    The  anchorage 
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o.  'the  governor  spring  D  can  thus  be  moved  by  the  operAoi 
at  will.  The  sleeve  F  is  moved  along  shaft  C  by  revolTOig  ring 
A  according  to  tbe  speed  of  shaft  C,  thns  opening  or  closing 
the  tIirottl&  This  forms,  therefore,  a  comtnned  manual  and 
automatic  engine  control 

Hydraallc  Qovernor*— A  number  of  manufacturers,  includ- 
ing Panhard  &  l^vassor  in  France  and  the  Packard  Motor  Car 
Company  in  this  country,  have  used  so-called  hydraulic  governors 
for  governing  the  speed  of  their  motors.  In  these  the  pressure 
of  the  pump  circulated  cooling  water  is  made  use  of  to  close 
the  throttle  when  the  speed  exceeds  certain  limits.  A  sketch  of 
such  a  governor  is  shown  in  Fig.  262.     The  device  consists 


Fig.  262.— Hvpkauuc  Govekncs. 

merely  of  a  diaphragm  chamber  A  in  which  there  is  k  diaphragm 
B  acting  against  the  plui^r  C  from  which  connection  is  made 
to  the  throttle  arm.  The  cooling  water  as  it  comes  from  the 
pump  may  be  led  through  the  diaphragm  chamber,  or  this  cham- 
ber may  simply  be  connected  by  a  pipe  to  the  cooling  system  at 
a  point  near  the  pump  outlet  The  pressure  of  the  circulating 
water  increases  with  the  speed  of  the  pump,  and  hence,  with  the 
■peed  of  the  motor,  the  relation  between  the  pressure  and  pump 
speed  depending  upon  the  type  of  pump  employed.  The  throttle 
can  be  held  open  by  means  of  a  spring. 
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Gas  Inertia  Type  Governor. — Another  type  of  engine  gov- 
ernor, represented  by  a  patented  design  known  as  the  Kramer^ 
is  based  on  the  principle  of  gas  inertia.  This  governor  com- 
prises the  throttle  valve  and  the  governor  proper  in  a  housing 
which  is  inserted  between  the  carburetor  and  the  intake  mani- 
*fold.  The  upper  part  of  the  governor  housing  is  of  truncated 
conical  form  and  in  it  is  located  a  disc  adapted  to  slide  on  a 
central  vertical  stud.  The  disc  is  connected  to  the  balanced  throt- 
tie  valve  below  it  by  means  of  a  linkage  in  such  a  manner  that 
when  the  disc  is  lifted  the  throttle  closes.  Ordinarily  the  disc 
is  held  in  the  position  corresponding  to  open  throttle  by  a  spring. 
When  a  certain  speed  is  attained  by  the  engine  the  force  of 
the  stream  of  gas-  impinging  upon  the  disc  overcomes  the  force 
of  the  spring,  the  disc  is  raised  and  the  throttle  is  partly  closed 
thus  reducing  the  speed  of  the  engine. 


CHAPTER  XVII. 


POWER  OUTPUT  AND  OTHER  CHARACTERISTICS. 

Many  efforts  have  been  made  to  develop  a  simple  formula 
giving  the  maximum  power  output  of  gasoline  engines,  but 
these  attempts  have  been  more  or  less  futile,  owing  to  the 
very  large  number  of  factors  which  affect  this  output.  The 
elements  of  design  which  determine  the  maximum  output  may  be 
enumerated  as  follows: 

Number  of  cylinders. 

Bore. 

Stroke. 

Compression  ratio. 

Form  of  compression  chamber. 

Valve  timing. 

Valve  port  opening. 

Cross  section,  length  and  relative  straightness  of  gas  pas- 
sages. 

Cooling  facilities. 

Weight  of  reciprocating  parts. 

Location  of  ignition  points. 

Besides  the  above,  the  fit  and  alignment  of  the  bearings, 
their  relative  diameters  and  lengths,  the  bearing  metals  and 
the  amount  and  grade  of  lubricant  used  upon  them  affect  the 
output  at  the  crankshaft.  It  would  evidently  be  impossible  to 
embody  all  of  these  factors  in  a  power  output  formula,  and 
for  this  reason  all  except  the  number  of  cylinders  and  the  bore 
and  stroke  are  generally  neglected 

Horse  Power  Formulae — If  we  call  the  mean  gas  pressure 
per  square  inch  of  piston  head  area  during  the  power  stroke, 
reduced  by  the  mean  pressure  during  the  compression  stroke, 
p,  and  if  the  cylinder  has  a  bore  h  and  the  length  of  stroke  is 
/,  then  the  work  done  in  one  cylinder  during  one  cycle  is 
evidently 

f—  foot  founds, 

4  X  12 
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If  the  motor   runs   at   n   revolutions   per   minute,   then   there 
will   be   —    explosions   in   each   cylinder  per   minute,   and   the 

2 

power  developed  by  each  cylinder  will  be 

8  X  4  X  Z2  X  33»ooo 
Also^  if  there  are  N  cylinders,  then  the  power  of  the  motor 
will  be 

3,168,000 
This  is  the  indicated  power — the  power  conveyed  by  the  ex- 
panding gases  to  the  moving  pistons.  Of  this  power  a  cer- 
tain percentage  is  lost  in  piston  and  bearing  friction,  valve 
operation,  windage,  etc  Representing  the  mechanical  effi- 
ciency of  the  motor  by  %  we  have  for  the  brake  horse  power 

3,168,000 

The  linear  speed  of  the  piston  is 

2ni       nl  ^    .   . 
12  6 

Substituting  this  value  in  the  above  expression  for  the  brake 
horse  power  and  incorporating  the  value  of  x  in  the  constant  we 
have 

B.a.P.=l^±^l±-t <9o) 

168,000 

Of  these  factors  N  and  h  are  known  in  advance,  but  s,  the 
piston  speed  at  which  the  motor  develops  its  maximum  power, 
and  ^  p,  the  brake  mean  effective  pressure,  are  not  known.  If  we 
desire  a  formula  for  the  horse  power  involving  only  the  bore 
and  stroke,  then  the  question  arises  whether  the  piston  speed 
of  maximum  output  and  the  mean  effective  pressure  vary 
with  the  bore  and  stroke,  and  if  so,  in  what  proportion. 

European  Data  and  Deductions — A  very  thorough  investiga- 
tion of  these  questions  has  been  made  by  a  committee  of 
the  Institution  of  Automobile  Engineers  (Great  Britain).  As 
regards  the  mean  effective  pressure,  it  would  be  expected  that 
this  would  increase  with  the  bore,  for  the  reason  that  in  a 
large  bore  motor  there  is  less  cooling  surface  to  the  combus- 
tion chamber  per  unit  of  charge  contained,  hence  less  heat 
will  be  lost  through  the  cylinder  walls.  This  view  is  un- 
doubtedly correct  in  so  far  as  motors  designed  with  the  same 
compression  ratio  are  concerned,  and  some  experimental  data 
is  cited  by  the  committee  to  support  this  point     On  the  other 
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hand,  the  very  fact  that  there  is  a  relatively  larger  wall  surface 
in  a  small  bore  motor,  and  hence  more  rapid  cooling  of  the 
charge,  permits  of  using  a  higher  compression  ratio.  A  higher 
compression  ratio  would  make  up  for  the  lesser  area  of  cool< 
ing  surface,  so  that  the  mean  effective  pressure  would  be  sub- 
stantially the  same  in  all  sizes  of  cylinders.  This  is  borne  out 
by  a  diagram  in  which  the  mean  effective  pressures  of  eighty- 
eight  motors  are  plotted  against  the  cylinder  bores,  which  ac- 
companied the  report  of  the  committee.  This  diagram  showed 
absolutely  no  variation  of  the  mean  effective  pressure  with 
the  bore.  Of  124  motors  regarding  which  data  were  collected 
by  the  committee,  5.6  per  cent,  showed  a  mean  effective  pres- 
sure above  90  pounds  per  square  inch;  15.3  per  cent,  between 
80  and  90  pounds,  28.2  per  cent,  between  70  and  80  pounds,  and 
21.2  per  cent,  between  65  and  70  pounds.  About  50  per  cent, 
of  the  engines  thus  showed  mean  pressures  over  70  pounds 
per  square  inch.    The  highest  pressure  found  was  95^  pounds. 

The  committee,  however,  was  guided  by  other  considera- 
tions than  these  data.  Experiments  by  one  English  engine 
manufacturer  (White  &  Poppe)  had  shown  an  increase  in  the 
mean  effective  pressure  from  80.6  pounds  for  a  bore  of  3.15 
inches  to  102  pounds  for  a  bore  of  5  inches,  and  the  experience 
of  individual  committee  members  was  that  the  mean  effective 
pressure  increased  with  the  bore  "under  similar  conditions  of 
compression."  It  therefore  decided  to  accept  68.5  pounds  per 
square  inch  for  v  p  when  the  bore  is  2^  inches  and  99.5 
pounds  when  b»S  inches.  The  value  of  the  mean  pressure 
for  any  other  bore  may  then  be  found  from  the  equation 


If  /  es  130  (  /  —  hl^\  pounds  per  square  inch 


(91) 


The  piston  speed  corresponding  to  the  maximum  output 
was  determined  for  loi  engines,  and  it  was  found  that  it 
varied  with  the  ratio  r  of  stroke  to  bore,  as  shown  in  the 
following  table: 

• 

Piston  Speed  at  Max. 
No.  of  Tests.  r.  H.  P.  (Ft.  P.  M.). 

15  1.00^1.08  1303 

30  1. 10 — 1.20  X240 

24  1. 21 — 1.30  1385 

as  ^-33 — 1-44  »4I4 

7  X.50 — 1. 61  XS9S 

The  committee  found  that  the  piston  SpedU  corresponding 
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ta  the  maximnm  horse  power  may  be  represented  by  the 
equation: 

M  "  600  (r  +  i)  feel  ftr  minute (92I 

This  gives  a  piston  speed  of  i,300  feet  per  minute  when  r"  1, 
znd  1,800  feet  per  minute  when  r>2. 

If  now  we  substitute  the  values  of  q  ^  and  s  just  found  in 
equation  (90)  we  get 
S.jr.  p.  =  o.464A'6(6  — i.i8)(f  +  i; (91) 

Substituting  for  r  its  value  —  we  have 

B.n.P.  =o,464(*  — i.i8)(/+6> 
The  committee,  however,  recommends  to  use  the  coefficient 
0.45  instead  of  0^64,  for  the  sake  of  simplicity,  and  its  pro- 
posed formula  is 

A^.  ^.  =  o.45(6-i.i8)(/  +  6) (94) 

This  formula  is  intended  to  give  the  horse  power  which  can 
safely  be  obtained  from  an  engine  of  given  cylinder  dimen- 
sions under  the  most  iavorable  conditions,  and  Dugald  Clerk 
in  a  note  on  the  report  of  the  committee  said  that,  in  order 
to  obtain  the  power  usually  developed  by  a  motor  on  the  road, 
the  results  of  the  formula  should  be  multiplied  by  0.6. 

A.  L.  A.  M.  Rating  Fonuul* — In  this  country  and  England 
a  rating  formula  known  here  as  the  A.  L.  A.  M.  and  abroad 
as  the  Royal  Automobile  Club  formula,  has  long  been  used. 
It  is  as  follows: 

B.H.P.^^ (95) 

at  1,000  feet  piston  speed  per  minute. 

When  this  formula  was  first  adopted,  about  1905,  roost  up- 
to-date  motors  gave  their  maximum  output  at  about   I,000 
feet  piston  speed  per  minute.    This  piston  speed  is  now  greatly 
exceeded  in  all  pleasure  car  engines,  and  especially  in  engines 
built  for  racing,  but  in  truck  engines  it  remains  substantially  the 
same.    From  equations  (90)  and  (9S)  we  have 
Nb*      \ooaNb*-nt 
a.  5  ~      168,000     ■ 
from  which  it  follows  that 

q  ^  ■  €7.3  pounds  ptr  tquare  inch. 
'hich  is  the  assumption  on  which  the  A.  L.  A.  M-  rating 
>nnula  is  based.     The  two  formulx  above  discussed  give 
idely  different  values  when  applied  to  motors  of  large  bore 
ad  long  stroke,  but  it  must  always  be  remembered  that  the 
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first  is  intended  to  give  the  maximum  power  the  motor  can 
possibly  deliver,  whereas  the  second  is  designed  to  give  the 
power  at  i|00O  feet  piston  speed  per  minute,  which  can  now  be 
exceeded  by  most  motors,  and  greatly  by  motors  of  unusually 
long  stroke. 

In  1912  the  Technical  Committee  of  the  Automobile  Club  of 
France,  in  a  report  to  the  French  Government,  recommended 
horse  power  formulae  based  on  the  following  brake  mean  effective 
pressures :  Touring  car  motors  nmning  at  not  over  1,000  ft.  p.  m. 
piston  speed,  75.2  lbs.  p.  sq.  in.;  high  speed  touring  motors,  78.1 
lbs. ;  truck  motors,  824  lbs. 

In  Fig.  263  are  shown  the  brake  mean  effective  pressures 
plotted  against  the  piston  speed  for  seventeen  different  en- 
gines mostly  of  1915  model.  The  Knight  motors  show  a  maxi- 
mum value  of  17.P.  of  97  lbs.  and  a  value  of  i^.p.  for  the 
speed  of  maximum  output  (mean,  1,700  ft.  p.m.)  of  76.5  lbs. 
The  valve  in  head  motors  show  an  average  maximum  value 
of  i7.p.  of  about  85  lbs.  and  an  average  value  of  ^.p.  for 
the  speed  of  maximum  output  (mean  value,  1,600  ft.  p.m.)  of 
73.5  lbs.  The  L  and  T  head  motors  show  an  average  maximum 
value  of  i7.p.  of  about  85  lbs.  and  an  average  value  of  v.p, 
for  the  speed  of  maximum  output  (1,636  ft.  p.m.)  of  70.5  lbs. 
All  of  the  motors  represented  in  the  chart  are  pleasure 
car  motors.  There  is  a  strong  tendency  toward  increased 
piston  speeds  in  these  motors,  and  many  of  the  newer 
designs  run  at  over  2,000  ft  p.m.  when  giving  their  maximum 
output.  Truck  motors,  on  the  other  hand,  still  run  at  1,000- 
1,200  ft  p.m.,  and  a  sharp  contrast  is  therefore  developing 
between  the  two  types.  The  curves  in  Fig.  263  are  from 
the  following  motors:  1 — Buick,  six-cylinder,  3^4  x  45^^;  2 — 
Ferro,  eight-cylinder,  3x3^;  3 — Northway,  four-cylinder,  3'/6 
X  6;  4 — ^Ferr,  eight-cylinder,  3^  x  4;  5 — Chalmers,  six-cylin- 
der, Z%  X  B;  6 — Continental,  six-cylinder,  3Vl^  x  5;  8— Willys- 
Knight,  four-cylinder,  i%  x  4%;  9 — Moline-Knight,  four-cyl- 
inder, 4x6;  10 — Herman,  eight-cylinder,  2%  x  4;  11 — Cadil- 
lac, eight-cylinder,  3%  x  5%;  12 — Buda,  four-cylinder,  3H 
X  5%;  13— Four-cylinder,  3%  x  5%;  14— Locomobile,  six- 
cylinder,  4^  X  5%;  16 — Lqcomoblle,  six-cylinder,  4^  x  5/ 
16 — ^Wisconsin,  six-cylinder,  5.1  x  5%;  17 — Beaver,  four-cylli?- 
der,  3^  X  5;  18 — Hudson,  six-cylinder,  3H  z  5. 
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Of  the  motors  represented  in  the  Figure  only  the  Cadillac  is 
a  high-speed  motor  as  the  term  is  generally  understood  at 
present.  It  was  the  pioneer  of  this  type  in  America  but* in  1915 
at  least  half  a  dozen  American  stock  motors  were  developed, 
giving  their  maximum  output  at  between  2,000  and  2,500  feet 
per  minute.  In  racing  motors  the  piston  speed  corresponding 
to  maximum  output  has  been  advanced  even  further,  to  about 
3,000  feet  per  minute.  Thus  the  Wisconsin  1915  racing  engine, 
having  four  3^  x  6^-inch  cylinders  developed  its  maximum 
output  at  over  3,000  revolutions  per  minute.  A  high-speed 
motor  has  been  defined  as  one  in  which  the  combined  inertia 
and  centrifugal  force  loads  on  the  crank  pins  exceed  the  gas 
pressure  load. 

Ratio  of  Bore  to  Stroke— The  first  motors  built  for  auto- 
mobiles for  the  most  part  had  a  comparatively  long  stroke, 
50  per  cent,  or  more  longer  than  the  cylinder  bore,  automo- 
bile engine  designers  in  this  respect  following  the  practice 
of  stationary  gas  engine  designers.  Then  came  the  era  of  the 
short  stroke,  high  rotary  speed  engine,  inaugurated  by  Bouton 
and  Buchet  in  France.  The  short  stroke  motors  of  these  en- 
gineers certainly  weighed  considerably  less,  horse  power  for 
horse  power,  than  any  previously  produced,  and  so  their  ex- 
amples soon  found  many  followers.  Since  that  time,  about 
igoo,  whenever  it  was  desired  to  produce  an  engine  of  high 
weight  efficiency,  the  stroke  was  made  less  or  equal  to  the 
bore.  For  a  time  the  opinion  prevailed  that  the  power  output 
did  not  depend  upon  the  stroke  at  all;  that  a  4x4  inch  motor, 
for  instance,  would  develop  as  much  power  as  a  4x6  inch 
motor,  by  giving  its  maximum  output  at  a  rotative  speed  50 
per  cent,  higher,  while,  on  the  other  hand,  the  power  in- 
creased as  the  square  of  the  bore  or  faster.  However,  this 
idea  was  exploded  by  :the  results  of  the  so-called  4  inch  or 
100  mm.  races  in  Europe  several  years  ago.*  If|,  these  races 
the  cylinder  bore  was  limited  to  4  inches,  and  in  every  case 
the  greatest  speeds  were  developed  by  cars  with  long  stroke 
motors,  thus  showing  conclusively  that  the  long  stroke  motors 
developed  greater  power  than  the  short  stroke  ones.  It  may 
here  be  added  that  Charles  Faroux,  a  French  technical  automo- 
bile writer,  found  that  the  output  of  a  motor  varies  as  the  0.6 
power  of  the  length  of  stroke,  and  the  German  Automobile  Tech- 
nical Association  adopted  a  formula  according  to  which  it  varies 
as  the  0.7  power  of  the  stroke. 

Effect  of  Length  of  Stroke  on  Thermal  Bfflciency-*It  hav- 
ing thus  been  shown  that  a  long  stroke  motor  will  develop 
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greater  maximum  power  and  at  a  higher  piston  speed  than  a 
short  stroke  motor,  it  remains  to  show  the  reasons  therefor. 
One  of  these  is  that  the  long  stroke  increases  the  thermal 
efficiency.  Consider  two  motors  of  equal  piston  displacement, 
of  3-inch  bore  by  6-inch  stroke  and  3.78-inch  bore  and  stroke 
respectively.  Let  the  compression  ratio  in  each  be  4:1.  Then, 
considering  the  compression  chamber  as  an  extension  of  the  cyl- 
inder, its  wall  area  will  be 

2  X  3.78  X  3.78  X  3.14  .   ^  ^      ,  ,,      ,  ^^      ,^ , 

h  3.78  X  3.14  X  1^  =  37.4  square  inches 

4 

in  the  case  of  the  short  stroke  motor,  and 

2  X  3  X  3  X  3.14   ,      ^  ^  .     . 

+  3  X  3.14  X  2  =  32.97  square  inches, 

4 

in  the  case  of  the  long  stroke  motor.  The  wall  area  of  the 
combustion  chamber  in  the  long  stroke  motor  is,  therefore, 
about  12  per  cent,  smaller  than  that  of  the  combustion  chamber 
of  the  short  stroke  motor  of  equal  cylinder  capacity.  The 
advantage  is  on  the  side  of  the  long  stroke  motor  for  half 
of  the  stroke,  though  it  is  greatest  near  the  beginning  of 
the  stroke  when  the  temperature  difference  on  opposite  sides 
of  the  cylinder  wall,  and  hence  the  heat  loss,  is  the  greatest. 

Effect  on  Volumetric  Efficiency— Another  reason  is  the 
smaller  effect  of  inertia  on  the  incoming  charge  in  the  long 
stroke  motor.  The  speed  at  which  charge  flows  into  the  cyl- 
inder under  a  given  suction  force  depends  partly  upon  the 
resistance  to  gaseous  flow  of  the  inlet  passage  and  partly  upon 
the  inertia  of  the  gas  column  filling  this  passage.  Now,  con- 
sider again  the  two  motors  mentioned  above.  If  the  piston 
speed  were  the  same  in  each  the  suction  stroke  would  be  of 
twice  the  duration  in  the  long  stroke  as  in  the  short  stroke 
motor,  and  the  maximum  and  mean  gas  speeds  through  the 
inlet  passage  would  be  the  same  in  both  motors,  on  the  supposi- 
tion that  the  volumetric  efficiency  is  the  same  in  both.  But  in  the 
long  stroke  motor  the  gas  would  have  twice  the  length  of 
time  for  attaining  its  maximum  speed,  and  it  would,  there- 
fore, be  hampered  much  less  by  inertia.  The  result  is  that, 
since  the  inertia  effect  on  the  incoming  charge  is  less,  the  long 
stroke  cylinder  will  fill  better  than  the  short  stroke  cylinder, 
at  any  given  piston  speed.  The  same  volumetric  efficiency 
may  therefore  be  obtained  in  the  long  stroke  motor  at  a 
higher  piston  speed,  and  it  is  well  known  that  decrease  in 
volumetric  efficiency  is  the  chief  factor  limiting  the  working 
speed  of  gasoline  motors.    This  is  probably  the  most  impor- 
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taut  reason  why  the  long  stroke  motor  'runs  at  higher  piston 
speed  and  develops  greater  power  than  the  short  stroke  motor. 
A  third  reason  is  to  be  found  in  the  reduced  inertia  effects 
on  the  reciprocating  parts  in  the  long  stroke  motor.  We 
found  (equation  24)  that  the  inertia  force  is  equal  to 

Fm  =  0.0000142  WIN^  {cos  9  +  —  cos  2  6) pounds, 

2  n 

The  crank  angle  factor  in  the  above  equation  will  be  independent 
of  the  length  of  stroke  if  the  ratio  n  of  connecting  rod  length 
to  length  of  stroke  remains  the  same.  Assuming  the  same 
weight  of  reciprocating  parts  in  motors  whose  strokes  are  I 
and  2/  respectively,  the  inertia  effects  on  the  parts  will  be  the 
same  if 

from  which  it  follows  that 


«i  =  4/ — - —    «i    =  0.707  111 

Since  the  stroke  is  twice  as  long  and  the  ang^ilar  speed 
0.707  times  as  great,  the  piston  speed  in  the  long  stroke  motor 
will  be  1. 414  times  as  great.  However,  the  weight  of  the  re- 
ciprocating parts  will  be  somewhat  greater  in  the  case  of  the 
long  stroke  motor,  but  not  as  much  as  41  per  cent. 

Length  of  Stroke  and  Weight  Efficiency— There  can  be 
no  doubt  that  a  long  stroke  motor  is  heavier  than  a  short  stroke 
motor  of  the  same  horse  power  output,  all  other  things  beipg 
equal.  The  three  heaviest  parts  of  any  motor  are  the  cylinders, 
the  crank  case  and  the  flywheel.  The  weight  of  the  cylinder 
varies  almost  as  fast  as  the  length  of  stroke,  that  of  the  crank 
case  varies  faster  than  the  length  of  stroke,  and  the  flywheel 
weight,  for  the  same  coefficient  of  irregularity,  varies  as  the 
square  of  the  length  of  stroke  (equation  81).  Hence  the  total 
weight  of  the  motor  varies  probably  as  fast  as  the  length  of  the 
stroke,  while,  according  to  authorities  cited,  page  409,  the 
output  varies  only  as  the  0.6  and  0.7  power  of  the  stroke,  re- 
spectively. It  is  very  difficult  to  make  an  exact  comparison,  be- 
cause of  the  many  parts  involved,  and  no  practical  data  on  the 
subject  are  available,  because  cases  of  engines  of  different  stroke- 
bore  ratios  designed  along  otherwise  identical  lines  are  Very  rare. 
Designers,  however,  show  their  belief  in  this  principle  by  using 
short  stroke  motors  wherever  high  weight  efficiency  is  paramount, 
as  in  aeronautic  motors.  The  great  majority  of  modem  aero-- 
nautic  motors  have  a  stroke-bore  ratio  of  one  or  slightly  over, 
while  in  recent  automobile  engine  practice  abroad  the  ratio  is 
much  higher,  especially  in  small  bore  motors. 

Service  for  Which  Motor  Is  Intended  Should  Govern 
Ratio. — The  present  tendency  is  to  give  motors  of  small  horse 
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IK>wer  output  intended  for  town  cars,  taxicabs,  etc,  a  stroke 
relatively  long  as  compared  with  the  bore,  and  more  powerful 
motors  for  touring  cars  a  stroke  not  so  long  in  relation  to  the 
bore.  There  are  two  reasons  for  this  practice.  The  first  is 
that  in  a  low  powered  car  intended  for  slow  speeds  the  problem 
of  the  gear  reduction  to  the  rear  axle  becomes  easier  if  the 
motor  turns  at  a  relatively  low  angular  speed— that  is,  if  it  is  a 
long  stroke  motor— while  in  the  case  of  a  fast  touring  car  no 
difficulty  is  experienced  in  getting  the  necessary  reduction  ratio. 
Take,  for  instance,  the  case  of  a  town  car  with  32  inch  wheels, 
to  be  driven  at  25  miles  per  hour  at  the  maximum  output  of  the 
motor.  At  the  above  speed  the  road  wheels  will  rotate  at  265 
revolutions  per  minute.  Now,  suppose  the  motor  to  have  a 
stroke  of  4  inches.  At  a  piston  speed  of  ijooo  feet  per  minute 
it  would  turn  at  1,500  revolutions  per  minute  and  the  required 
reduction  ration  would  be 


i.500_ 


265 


»5*66. 


It  is  difficult  to  obtain  this  ratio  and  still  have  a  pinion  with  an 
adequate  number  of  teeth  of  the  proper  pitch  and  sufficient  clear- 
ance under  the  rear  axle  housing.  It  is  therefore  better  to 
increase  the  length  of  stroke  and  decrease  the  speed  of  revolution 
of  the  motor,  thereby  decreasing  the  required  reduction  ratio. 

If,  on  the  other  hand,  we  take  a  touring  car  with  36  inch  wheels 
to  be  geared  to  45  miles  per  hour  at  1,000  feet  piston  speed  of 
the  motor,  ^e  speed  of  the  rear  axle  will  be  420  revolutions  per 
minute.  Then,  for  a  reduction  ratio  of  3  we  would  get  a 
length  of  stroke  of  about  sH  inches.  Among  the  more  recent 
motors  for  pleasure  cars  the  stroke  is  seldom  less  than  5  inches, 
although  the  bore  is  sometimes  as  small  as  3  inches.  A  diagram 
prepared  by  the  Horse  Power  Formula  Committee  of  the  Insti- 
tution  of  Automobile  Engineers,  in  which  the  stroke-bore  ratios 
of  a  large  number  of  motors  are  plotted  against  the  bores,  shows 
that  the  average  ratio  decreases  from  about  1.75  for  2.5  inch 
bore  to  nearly  i  for  5  inch  bore. 

Depen()ence  of  Flexibility  on  Length  of  Stroke— There 

is  a  general  impression  that  the  long  stroke  motor  is  more 
flexible  than  a  short  stroke  motor.  By  this  is  mtant  that  the 
ratio  of  the  "maximum  load"  speed  to  the  minimum  speed  under 
full  throttle  is  greater  in  the  case  of  the  long  stroke  than  in 
that  of  the  short  stroke  motor. 

We  have  already  shown  that  the  long  stroke  motor  will  give 
its  maximum  output  at  a  higher  piston  speed,  and  if  it  can  be 
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shown  that  it  will  run  regularly  at  an  equal  or  lower  minimum 
piston  speed  under  full  throttle  as  the  short  stroke  motor  the 
point  will  have  been  proved.  This  is  obviously  largely  a  matter 
of  flywheel  capacity,  but  it  depends  also  to  some  extent  upon 
the  valve  setting.  In  a  short  stroke  motor  the  inlet  valves  mutt 
have  a  large  lag  and  the  exhaust  valves  a  great  lead,  in  order 
that  the  motor  may  develop  its  maximum  power  at  a  relatively 
high  piston  speed.  But  this  setting  of  the  valves  interferes  with 
the  operation  of  the  motor  at  low  piston  speed  under  full  throttle. 
In  a  long  stroke  motor  less  lag  and  lead  are  required  in  the  valve 
action,  and  if  such  a  motor  is  provided  with  a  sufficiently  heavy 
flywheel  it  may  well  be  able  to  nm  at  a  lower  piston  speed  under 
full  throttle  than  a  short  stroke  motor.  However,  both  the  speed 
of  maximum  output  and  the  minimum  speed  under  full  throttle 
are  dependent  upon  several  interrelated  factors,  so  that  it  is 
difficult  to  determine  the  direct  effect  of  any  one  factor  t^on 
the  flexibility. 

It  may  here  be  well  to  correct  an  erroneous  impression  often 
met  with — that  the  hot  gases  are  expanded  farther  in  a  long 
stroke  than  in  a  short  stroke  motor,  and  that  in  consequence 
the  working  efficiency  is  increased,  the  same  as  by  increasing 
the  ratio  of  expansion  in  a  steam  engine.  This  view  is  abso- 
lutely incorrect,  since  the  ratio  of  expansion  is  the  same  as  the 
compression  ratio  and  is  not  at  all  affected  by  the  length  of 
stroke  or  by  the  stroke-bore  ratio. 

Characteristic  Cnrvei — In  addition  to  the  maximum  power 
that  can  be  obtained  from  a  motor,  the  horse  power  outputs  at 
various  angular  speeds  and  the  corresponding  torques  are  of 
interest  to  the  engineer^  These  values  are  preferably  plotted  on 
co-ordinate  diagrams  with  the  speeds  of  revolution  as  abscissas 
and  the  horse  powers  and  the  torques  in  pounds-feet  as  ordinates. 
A  fuel  consumption  curve  is  frequently  plotted  on  th^  same 
diagram. 

A  set  of  such  characteristic  curves  is  shown  in  Fig.  264.  These 
were  taken  from  a  six  cylinder  Alco  motor  manufactured  by 
the  American  Locomotive  Co.,  Providence,  R.  I.,  of  4^  inches 
bore  by  5^  inches  stroke.  The  motor  is  of  T-head  type,  with  a 
compression  volume  to  total  volume  ratio  of  21.2  per  cent  It 
has  high  tension  magneto  ignition,  with  spark  plugs  set  over 
the  inlet  valves.  It  will  be  seen  that  the  minimum  speed  at 
which  observations  were  taken  was  450  revolutions  per  minute. 
The  torque  increased  slightly  to  750  revolutions  per  minute,  and 
then  decreased,  at  first  slowly,  and  then  more  rapidly.  The 
maximtun  output  of  64.5  horse  power  is  obtained  at  1,360  rev- 


414  POWER  OUTPUT  AND  OTHER  CHARACTERISTICS. 

lutions  per  minute.  This  corresponds  to  a  mean  effective  pres 
sure  n  p  of  64.2  pounds  per  square  inch  and  a  piston  speed  of 
1,247  feet  per  minute.  The  specific  fuel  consumption  is  also 
shown  on  the  diagram.  It  will  be  seen  that  this  is  a  minimum 
at  about  900  revolutions  per  minute,  viz.,  0.76  pound  per  brake 
horse  power-hour.  The  torque  is  a  maximum  at  750  revolutions 
per  minute,  and  the  mean  effective  pressure  is  then  81.6  pounds 
per  square  inch. 
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Fig.  264. — Chakacteristic  Curves  of  Alco  Six  Cylinder, 

4^x5^  IrcH  Motor. 

Another  set  of  characteristic  curves  are  shown  in  Fig.  265. 
These  are  of  a  White  four  cylinder  1913  model  motor,  and  the 
tests  were  made  at  the  laboratory  of  Joseph  Tracy,  Rutherford, 
N.  J.  The  motor  had  a  bore  of  zV^  inches  and  a  stroke  of  %% 
inches.  All  valves  are  located  on  one  side,  and  the  motor  is  of 
the  en  bloc  type.    Ignition  is  by  magneto.    It  will  be  seen  that 
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this  motor  delivers  its  maximum  output  of  slightly  over  33  horse 
power  at  1,600  revolutions  per  minute,  corresponding  to  a  piston 
speed  of  1,366  feet  per  minute.  The  brake  mean  effective  pres- 
sure at  the  point  of  maximum  torque  (about  1,000  revolutions 
per  minute)  figures  out  to  86  pounds  per  square  inch,  and  at  the 
point  of  maximum  output  (1,600  revolutions  per  minute)  to  71 
pounds  per  square  inch.  The  fuel  consumption  is  rather  low, 
only  slightly  over  0.6  pounds  per  horse  power  hour.  Undoubt- 
edly, the  carburetor  was  adjusted  for  high  economy,  as  the  test 
was  made  in  the  interest  of  a  carburetor  representative. 
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Fig.  265 — Chakacteristics  of  Fous  Cyundeb,  3^x5^   Inch 

1913  White  Motos. 

Power  and  torque  curves  of  a  Moline-Knight  four  cylinder 
sleeve  valve  motor  (Chapter  XVIII)  are  shown  in  Fig.  266. 
This  motor,  with  a  bore  of  4  inches  and  a  stroke  of  6  inches,  was 
subjected  to  a  336  hour  non-stop  test  at  the  laboratory  of  the 
Automobile  Club  of  America  in  December,  1913.  In  addition  to 
the  non-stop  test,  a  number  of  output  and  fuel  consumption  tests 
were  run,  and  the  results  of  one  of  these  tests  are  shown 
graphically  in  the  figure.    It  appears  that  the  maximum  output 
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was  attained  at  about  i,8oo  revolution,  though  the  test  was  hardly 
carried  far  enough  to  show  this  definitely.  The  brake  mean 
effective  pressure  at  the  speed  of  maximum  torque  (i,ooo  revo- 
lutions per  minute)  figures  out  to  95  pounds  per  square  inch,  and 
at  the  speed  of  maximum  output  to  77.5  pounds  per  square  inch. 
It  will  thus  be  seen  that  in  the  Knight  motor  the  brake  mean 
e£Fective  pressure,  both  at  the  speed  of  maximum  tofque  and  that 
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Fig.  266— Characteristic  Curves  of  Moune-Knight  Four  Cyl- 
inder^ 4x6  Inch  Sleeve  Valve  Motor. 


of  maximum  output,  is  approximately  10  per  cent  higher  than 
in  the  particular  poppet  valve  motor  whose  performance  is 
represented  by  Fig.  265.  / 

Maximum  Power  from  Qiven  Cylinder  Volume  and 
Motor  Weight — There  are  a  number  of  expedients  in  design 
which  may  be  resorted  to  when  it  is  desired  to  obtain  thf 
maximum  output  from  a  motor  of  given  cylinder  dimensions  o» 
of  given  weight.  The  motor  must,  of  course,  be  so  designe% 
that  it  will  run  at  a  very  high  piston  speed.  In  the  first  plac^ 
the  valves  must  open  directly  into  the  cylinder,  instead  of  into 
pockets  at  the  sides  of  the  cylinder  head.    This  not  only  makes 
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the  inlet  and  outlet  passages  shorter  and  somewhat  more  direct, 
but  enables  the  combustion  chamber  to  be  made  of  a  more  nearly 
ideal  form,  with  less  surface  area.  The  compression  ratio,  of 
course,  must  be  as  high  as  possible  without  danger  from  pre- 
ignition  when  the  motor  runs  cotninuously  under  full  load.  The 
limiting  ratio  seems  to  be  a  little  over  5,  but  this  can  only  be 
used  for  relatively  small  bores.  This  brings  up  the  matter  of 
cooling.  Energetic  circulation  of  the  cooling  water  and  a 
relatively  large  radiator  capacity  are  required.  Tests  show  that 
within  the  usual  temperature  range  the  output  is  the  greater  the 
cooler  the  cylinder  walls  are.  This  is  undoubtedly  due  to  the 
fact  that  when  the  cylinder  walls  are  relatively  cool,  the  incoming 
charge  is  expanded 'less,  and  more  charge  is  therefore  taken  in. 
On  the  other  hand,  the  fuel  consumption  per  horse  power  seems 
to  decrease  with  an  increase  in  the  cylinder  wall  temperature. 

The  valve  opening  areas  must  be  very  large,  and  the  valves 
must  open  and  close  as  rapidly  as  possible.  The  exhaust  valves 
must  not  be  siamesed,  but  instead  a  separate  pipe  should  be  run 
from  each  exhaust  outlet  to  an  expansion  chamber  at  some 
distance  from  the  cylinders — ^if  the  motor  must  exhaust  through 
a  muffler.  But  any  kind  of  muffler  absorbs  some  power,  and 
for  this  reason  the  motors  on  racing  cars,  as  a  rule,  exhaust 
directly  into  the  atmosphere  through  short  lengths  of  pipes. 

In  determining  the  valve  timing  the  inertia  of  the  gases  must 
be  taken  into  account.  The  exhaust  valves  must  therefore  open 
very  early — as  much  as  50  degrees  of  crank  travel  ahead  of  the 
dead  centre — and  the  inlet  valve  close  very  late — as  much  as  50 
degrees  past  the  dead  centre.  The  exhaust  valve  should  close  and 
the  inlet  valve  open  about  15  to  20  degrees  past  dead  centre. 
A  motor  with  such  a  timing  will  not  run  very  well  at  low  speeds, 
and  will,  therefore,  not  be  so  flexible  as  one  with  the  more 
usual  timing,  but  this  is  the  price  that  has  to  be  paid  for  high 
maximum  output. 

The  reciprocating  parts  must  be  made  as  light  as  possible,  so 
as  to  keep  down  the  inertia  forces  and  the  friction  losses  result- 
ing therefrom.  In  the  early  part  of  this  work  the  average 
reciprocating  weight  was  stated  to  be  0.4S  pound  per  square 
inch  of  piston  head  area.  This  relates  to  standard  commercial 
practice.  The  weight  can,  however,  be  made  very  much  less. 
In  Fig.  267  is  illustrated  a  4.8  inch  hydraulically  forged  steel 
piston,  as  made  by  a  French  firm,  which  weighs  only  3J^  pounds. 
It  may  be  inferred  that  a  similar  4-inch  piston  would  weigh 
about  2^  pounds.  The  piston  pin  and  two  rings  together  will 
weigh  about  ^  pound,  and  the  connecting  rod  can  be  made  to 
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weigh  not  over  2  pounds.  Hence  the  total  reciprocating  weight 
would  be  only  3.75  pounds,  or  about  0.3  pound  per  square  inch 
of  piston  head  area. 

G.  A.  Burls,  in  a  paper  read  before  the  Institution  of  Auto- 
mobile Engineers  (Great  Britain),  found  that  the  weight  of 
the  reciprocating  parts  where  cast  iron  pistons  arc  used  may 
be  expressed  by  the  equation 

m  =  o.o86'  (i  +o.isr)  +  i,sPounds .<96) 

and  where  pressed  steel  pistons  are  used  by 

m  =  o.o5&'   (i +o.lSr) +  1.5  pounds (97) 

The  Motor  as  a  Brake-^When  the  spark  is  cut  off  and  one 
of  the  lower  gears  is  engaged,  the  gasoline  motor  acts  as  an 
excellent  vehicle  brake.    Its  braking  resistance  is  partly  due  to 


Fig.  267.— Hydraulically  Forged  Steel  Piston. 


mechanical  friction  in  the  engine  and  partly  to  the  loss  of  energy 
in  compressing  and  re-expanding  combustible  charge.  The  loss 
in  the  latter  operation  is  due  to  surface  friction  of  the  passages, 
leakage  of  the  charge  when  compressed,  and  to  dissipation  of 
heat  generated  by  the  compression  of  the  charge,  through  the 
cylinder  walls.  When  the  motor  is  thus  driven  by  the  car  it 
will  draw  in  a  charge  of  combustible  gas  during  the  first  or 
suction  stroke,  which  will  absorb  a  slight  amount  of  power. 
This  charge  will  be  compressed  during  the  second  stroke,  whereby 
a  considerable  amount  of  power  will  be  absorbed.  During  the 
third  stroke,  however,  the  compressed  charge  will  expand  again, 
whereby  nearly  all  the  power  absorbed  by  the  compression  will 
be  given  out  again.   During  the  fourth  stroke  the  charge  will  be 
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forced   out  of  the  cylinder,  with  the  expenditure  of  a  small 
amount  of  energy. 

The  braking  effect  can  be  considerably  increased  by  opening 
the  exhaust  valve  at  the  beginning  of  the  third  stroke  and  hold- 
ing it  open  during  the  whole  of  that  stroke.  The  charge  com- 
pressed during  the  second  stroke  will  then  escape  through  the 
exhaust  valve  at  the  beginning  of  the  third  stroke  and  not 
expend  its  energy  on  the  piston.  • 

A  series  of  tests  to  determine  the  braking  effect  of  a  gasoline 

motor  were  made  by  Dr.  W.  Watson  and  reported  by  him  in  a 

paper  read  before  the  Automobile  Club  of  Great  Britain  and 

Ireland  on  February  15,  1906.     The  teste  were  made  on  a  two 

cylinder  35^  by  4-inch  engine  at  the  comparatively  low  speed  of 

590  revolutions  per  minute.     The  results  of  the  tests  were  as 

follows : 

Katio  of 
Horae    Bnldng  to  Powor, 
Power.  Per  eeot. 

Power  delivered  at  clutch  by  engine  when  wcrktng.  3.7 

Braking  effect  with  throttle  closed x  .jj  33 

Praking  effect  with  throttle  closed  and  compression 

cock  open 1.69  46 

Braking  effect  with  exhaust  valve  prevented  ftom 

opening    i  .60  43 

Braking  effect  with  exhaust  valve  opened  during 

third    stroke »,,,.  2 .40  65 

The  tests  also  showed  that  the  medianical  friction  was  0.75 
horse  power,  and,  of  course,  the  difference  between  the  braking 
effect  under  different  conditions  and  the  friction  represente  power 
used  in  compressing  and  moving  the  air. 

The  braking  effect  can  be  still  further  increased  by  suitable 
modifications  of  the  valve  gear,  so  that  a  charge  will  be  com- 
pressed in  the  cylinder  during  every  up-stroke  of  the  piston  and 
allowed  to  escape  at  the  end  of  that  stroke.  One  method  of 
accomplishing  this  is  made  use  of  on  the  Saurer  motor  truck. 
In  the  engine  of  this  truck,  during  the  first  stroke  air  is  drawn 
in  through  the  inlet  valve,  during  the  second  both  valves  are 
closed  and  the  air  is  compressed,  during  the  third  the  exhaust 
valve  opens  and  allows  the  air  to  escape  and  the  cylinder  to  be 
drawn  full  again,  and  during  the  fourth  the  exhaust  valve,  which 
ordinarily  is  open  during  this  stroKe,  remains  closed  and  the 
charge  is  compressed.  After  this  the  cycle  is  repeated,  the 
charge  compressed  during  the  fourth  stroke  escaping  through 
the  inlet  valve  immediately  upon  the  beginning  of  the  down 
stroke.  This  system,  of  course,  necessitates  shifting  of  the 
exhaust  cams. 
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A  system  has  also  been  devised  in  which  the  braking  effect 
can  be  varied  by  the  operator.  Both  the  inlet  and  exhaust  cams 
are  shifted  longitudinally  and  provided  with  extra  cam  bosses 
which  come  into  action  when  the  cams  are  moved  into  the  brak- 
ing position.  Fig.  268  shows  the  form  of  the  exhaust  cam  used 
with  this  system,  and  Fig.  269  the  form  of  the  inlet  cam.  It 
will  be  seen  that  the  exhaust  cam,  in  addition  to  the  regular 
cam  boss  A,  is  provided* with  two  extra  cam  bosses  BB  at  right 
angles  to  the  former.     The  three  cam  bosses  are  suitably  in- 


Fig.  268. — Exhaust  Cam  for  Motor  Brake. 

dined  at  their  adjacent  ends  so  that  the  cam  roller  may  travel 
from  the  regular  boss  on  to  the  extra  bosses,  and  vice  versa. 
The  inlet  cam  also  has  two  extra  bosses  DD  at  right  angles  to 
the  regular  boss  C,  and  all  of  its  bosses  are  also  inclined  at  the 
ends.  The  two  extra  bosses  on  the  inlet  cam  are  sloped  so  that 
they  will  hold  the  inlet  valve  open  during  smaller  or  greater 
fractions  of  the  up-stroke,  according  to  the  longitudinal  position 
of  the  cam  relative  to  the  cam  roller. 


Fig.  269.--INLET  Cam  for  Motor  Brake. 
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When  the  exhaust  cam  is  shifted  in  the  direction  of  the 
arrow»  so  as  to  bring  the  extra  cam  bosses  underneath  the  cam 
roller,  the  exhaust  valve  will  be  kept  open  during  the  first  and 
third  strokes  of  the  motor;  that  is,  during  each  down-stroke. 
During  these  strokes  air  will  be  drawn  in  through  the  exhaust 
valve.  This  air  will  be  compressed  during  the  up-strokes,  and 
most  of  it  will  be  discharged  through  the  exhaust  valve  at  the 
beginning  of  the  following  down-stroke.  Simultaneously  with 
the  exhaust  cam  the  inlet  cam  is  shifted  in  the  direction  indicated 
by  the  arrow.  If  the  cams  are  shifted  to  the  limit  of  their  range 
of  motion,  the  cam  bosses  DD  are  out  of  line  with  the  cam 
roller,  and  the  inlet  valves  remain  closed.  But  in  intermediate 
positions  of  the  cams  the  two  extra  cam  bosses  DD  will  hold 
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Fig.  270.— Motor  Brake  Deceleration  Curves. 

• 

the  inlet  valve  open  during  a  smaller  or  greater  fraction  of  the 
up-strokes,  thus  allowing  some  of  the  air  to  escape  from  the 
cylinder  before  it  is  compressed,  so  reducing  the  work  of  com- 
pression. Experience  has  shown  that  with  motors  arranged  as 
above  described  the  braking  e£Fect  is  as  much  as  8o  per  cent,  of 
lite  maximum  power  output 

The  motor  is  thus  transformed  into  a  brake  by  simply  shift- 
ing the  camshafts  or  the  cams  thereon.  This  should  be  done  by 
means  of  the  same  lever  by  which  the  speed  of  the  motor  is 
controlled     Some  deceleration  curves  of  a  car  equipped  with 


J 
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K  motor  brake  of  the  type  above  described  are  shown  in  Fig.  270. 
The  chief  advantage  of  the  motor  brake  over  the  regular  friction 
brake  is  that  it  can  be  used  for  any  length  of  time  without 
undue  heating  and  without  excessive  wear.  Besides,  it  can  be 
applied  gradually,  with  Ultle  effort  and  without  first  removing 
the  hand  from  the  speed  control  lever.  Figs.  268-270  are  from 
Der  Motorwagen,  of  Berlin. 


Fia  271.— Pkessuke  Tap  Valves. 

As  a  Source  of  Qu  Pressure— Gas  pressure  can  be  used 
on  an  automobile  for  many  purposes,  as  for  operating  a  sig- 
naling device  or  a  motor  starter,  for  inflating  tires,  for  feeding 
fuel,  etc.  A  supply  of  gas  under  any  pressure  up  to  about  lOO 
pounds  per  square  inch  can  easily  be  obtained  from  one  or 
more  cylinders  of  a  motor.  As  regards  the  use  of  the  gases 
for  the  inflation  of  tires,  it  should  be  pointed  out  that  the 
products  of  combustion  are  not  as  efficient  for  this  purpose  as 
is  atmospheric  air,  for  the  reason  that  the  gases  filter  through 
rubber  much  quicker  than  does  air. 

In  order  to  obtain  a  supply  of  gas  under  pressure  from  the 
motor  for  such  purposes  as  operating  a  motor  starter,  a  check 
valve^  similar  to  that  shown  in  Fig.  271  at  ^  is  used.  This  fitting 
is  generally  screwed  into  the  hole  for  the  priming  cock,  and 
the  priming  cock  A  m  turn  is  screwed  into  the  nipple  B  at  the 
bottom  of  the  check  valve,  as  shown.  The  central  portion  C 
of  the  check  valve  is  flanged  so  as  to  prevent  the  valve  from 
attaining  an  excessive  temperature.  The  check  valve  proper,  D, 
is  of  the  ball  type,  the  motion  of  the  ball  being  limited  by  a 
stop  formed  integral  with  the  screw  closing  the  hole  through 
which  the  ball  is  introduced.  From  this  check  valve  a  tube  is  run 
lo  the  tank  in  which  the  gas  is  to  be  stored.    At  each  explosion 
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in  the  cylinder  the  ball  valve  will  lift  and  allow  a  small  amotu^ 
v,i  gas  to  pa«s,  but  as  soon  as  the  pressure  in  the  cylinder  dro( 
the  valve  will  close  and  thus  trao  the  gas  which  has  passed  i\ 
As  already  stated,  a  pressure  of  mo*e  than  loo  pounds  to  tK 
square  inch  can  thus  be  obtained  in  th?.  tank. 

For  feeding  gasoline  from  a  tank  located  under  the  vehicU 
frame  at  the  rear  to  the  carburetor  under  the  motor  bonnet 
in  front  or  to  an  auxiliary  tank  on  thi:  dashboard,  a  pressure  c^ 
several  pounds  per  square  inch  is  sufficient.  This  pressure  cas 
be  obtained  from  the  engine  by  means  of  a  reducing  valve,  as 
shown  in  Fig.  271  at  B.  This  valve  is  usually  connected  to 
the  exhaust  manifold  just  beyond  its  connection  to  the  engine. 
The  gases  first  pass  through  a  Btrainer  A  which  prevents 
particles  of  carbon  from  passing  into  the  fuel  tank  and  causing 
trouble  in  clogging  the  spray  nozzle.  Next,  the  gases  pass 
through  the  check  valve  B  and  then  out  through  the  tube  C 
which  leads  to  the  fuel  tank.  In  order  to  insure  that  the  gaft 
pressure  will  never  exceed  the  pret^etf.nnined  maximum  valut 
a  second  spring-loaded  valve  D  is  provided,  whose  spring  is 
so  adjusted  that  the  valve  will  open  when  the  predetermined 
maximum  pressure  is  exceeded,  allowing  some  of  the  gases  to 
escape  and  the  pressure  to  be  relieved. 

Weight  of  Motors — There  ir>  considerable  variation  in  the 
weight  of  different  motors  of  the  same  cylinder  dimensions. 
On  the  whole,  the  higher  grades  oi  motors  generally  weigh  less 
than  cheaply  built  ones.  If  the  wall  thicknesses  are  made 
small  the  best  grade  of  workmanship  i.^  required,  and,  besides, 
in  many  parts  the  use  of  high  grad<:  materials  permits  of 
making  the  cross-sections  smaller.  It  is  a  most  remarkable 
thing  that  the  weight  per  horse  power  of  explosion  engines 
varies  from  several  hundred  pounds  in  stationary  gas  engines 
to  as  low  as  two  pounds  in  fl3ring  machine  engines.  Automobile 
en^anes  are  intermediate  between  these  two  extremes  in  respect 
to  weight.  A  fair  approximation  to  the  weight  of  motors  de- 
sige?.cd  in  accordance  with  the  rules  laid  down  in  this  work 
MjSLy  be  obtained  by  means  of  the  following  equations : 

Weight  of  a  single  cylinder  motor  =  ^.8  6*  /  pounds ; 

of  a  double  cylinder  =  3.6  fc*  i  pounds : 

of  a  four  cylinder  =  56*/  pounds ; 

of  a  six  cylinder  =  7b*l  pounds^ 

b  being  the  bore  and  /  the  stroke  in  inches. 

iliese  rules  apply  to  motors  with  aluminur?.  crank  cases. 

In  order  to  reduce  the  weight  per  horse  power,  the  first  essen- 
tial is  that  the  reciprocating  parts  be  made  ?s  light  as  possible, 
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so  as  to  permit  of  high  piston  speed  and  consequently  increased 
output.  Other  expedients  for  reducing  the  weight  of  motors 
are  the  use  of  sheet  metal  jackets,  block  cylinders,  or  cylinders 
so  cast  as  to  permit  of  their  being  bolted  together  to  form  a 
block;  hollow  crankshafts,  sheet  metal  crank  bases,  cast  steel 
flywheels  of  large  diameter  and  tubular  or  I-beam  constructioQ 
for  all  parts  subjected  to  compression  and  bending  stresseSi 


CHAPTER  XVIII. 


SLEEVE,  PISTON  AND  ROTARY  VALVE  MOTORS. 

Up  to  about  1908  the  only  form  of  valve  that  had  proven 
commercially  successful  on  gasoline  motors  was  the  poppet  valve. 
Dr.  Otto,  the  inventor  of  the  four  cycle  gas  engine,  in  one  of  his 
earliest  machines  used  a  sliding  valve,  and  all  the  different  forma 
of  valves  used  in  steam  engines,  including  flat  slide,  piston  and 
rotary  valves,  were  at  one  time  or  another  implied  to  gasoline 
motors,  but  they  never  proved  successful  in  the  long  run.  In  1908 
Giarles  Y.  Knight,  of  Chicago,  induced  the  Daimler  Motor  Co., 
of  Coventry,  England,  to  take  up  a  motor  of  his  invention  in 
which  the  valve  functions  are  performed  by  two  ported  sleeves 
one  within  the  other,  and  both  between  the  piston  and  the  cylinder 
wall  The  two  sleeves  are  reciprocated  by  a  half  speed  shaft 
carrying  small  cranks  equal  in  number  to  the  sleeves.  This 
motor  has  since  proven  very  successful,  and  has  been  taken  up  by 
leading  manufacturers  in  different  European  countries  and  in  the 
United  States. 

The  Knight  Hotor— Fig.  272  is  a  sectional  view  through  one 
of  the  cylinders  of  a  Knight  motor  built  by  Panhard  &  Levassor, 
of  France.  Within  the  cylinder  bore  there  is  a  thin  sleeve  A  of 
cast  iron,  cut  with  ports  on  opposite  sides  for  the  inlet  and  ex- 
haust Within  this  sleeve  there  is  another,  B,  also  cut  with 
ports  near  its  upper  end,  and  within  the  latter  sleeve  is  located 
the  piston.  In  these  motors  the  cylinder  head  C  is  detachable, 
and  is  of  rather  unusual  construction.  A  part  of  it  extends  into 
the  cylinder  for  quite  a  distance,  but  is  of  a  diameter  smaller 
than  the  cylinder  bore,  so  the  two  sleeves  may  enter  between  it 
and  the  cylinder  wall  Both  the  cylinder  head  and  the  piston 
head  are  concave  or  bowl  shaped,  the  object  being  to  secure  aa 
nearly  as  possible  a  spherical  combustion  chamber.  The  two 
sleeves  are  reciprocated  by  means  of  a  half  speed  shaft,  which 
is  driven  from  the  crankshaft  through  a  silent  chain.  The  hal^ 
€peed  shaft  is  formed  with  eight  cranks,  and  these  cranks  con 
nect  through  short  connecting  rods  EE  with  lugs  formed  on  tito 
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valve  sleeves  at  their  lower  ends.  The  connecting  rods  for  the 
two  sets  of  sleeves  are  of  different  lengths,  and  usually  they  are 
slightly  inclined,  that  is  to  say,  the  vertical  line  along  whicb 
their  upper  end  reciprocates  does  not  pass  through  the  axis  ot 
the  half  speed  shaft,  but  is  somewhat  closer  to  the  cylinder  axis— 
this  for  the  sake  of  compactness.  It  will  be  noticed  that  the 
ilrive  of  the  sleeves  is  un symmetrical,  a  feature  the  practicabilitj 
of  which  was  questioned  at  one  time,  but  it  has  been  found  that 


Fig.  272.— Section  Through  Cylinder  of  Panharp- 
Knight  Motor. 

owing  to  the  long  bearing  of  the  sleeves  it  does  not  cause  any 
trouble.  At  the  lower  ends,  where  the  driving  lugs  are,  the 
sleeves  are  suitably  strengthened  by  circumferential  flanges. 

One  peculiarity  of  the  Knight  motor  is  that  the  bore  of  the 
cylinder  casting  is  not  the  effective  bore  of  the  engine,  ihe  latter 
being  equal  to  the  bore  of  the  inner  valve  sleeve.    The  sleeves 
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are  made  of  a  thickness  equal  to  about  0.040  inch  per  inch  of 
effective  bore.  The  outer  sleeve  is  sometimes  made  slightly  thin- 
ner than  the  inner  one,  because  it  is  not  subjected  to  the  pressure 
of  the  explosion.  Thus,  for  instance,  in  the  100x140  mm.  Pan- 
hard-Knight  motor  the  inner  sleeve  is  made  5  mm.  and  the  outer 
sleeve  4  mm.  thick.  The  bore  of  the  cylinder  casting  in  this  motor 
is  therefore  118  mm. 

Packing  Ring  Arrangement— Gas  tightness  is  insured  by 
two  sets  of  packing  rings,  one  set  of  three  or  four  being  placed 
on  the  piston  in  the  usual  way,  and  the  other  set  on  that  portion 
of  the  cylinder  head  which  extends  into  the  cylinder  and  is  sur- 
rounded by  the  valve  sleeves.  The  latter  set  comprises  one  un- 
usually broad  ring,  F,  at  the  bottom,  referred  to  as  a  junk  ring, 
and  two  or  three  rings  of  the  same  dimensions  as  used  on  the 
piston.  The  junk  ring  itself  does  not  possess  sufficient  spring 
force  to  apply  it  properly  against  the  valve  sleeves,  and  spring 
rings  are  placed  underneath  it.  At  least,  this  is  the  construction 
used  in  most  Knight  motors.  The  object  of  the  junk  ring  is  to 
seal  the  ports  in  the  valve  sleeves  while  the  explosion  takes  place 
and  the  gases  expand  in  the  cylinder.  This  ring,  therefore,  must 
be  made  of  greater  width  than  the  height  of  the  port  It  is 
usually  made  about  half  an  inch  wider  than  the  exhaust  port. 
In  Fig.  272  the  moving  parts  are  shown  in  the  position  corre- 
sponding to  the  beginning  of  the  power  stroke,  and  it  will  be 
seen  that  both  the  inlet  and  exhaust  ports  in  the  inner  sleeve 
are  fully  covered  by  this  junk  ring. 

Port  Dimensions — Each  port  extends  substantially  one-third 
around  the  cylinder.  The  ports  are  provided  with  a  bridge  at 
the  middle  of  their  length  so  as  to  prevent  undue  weakening  of 
the  sleeve.  On  the  theory  that  the  port  area  should  be  propor- 
tional to  the  piston  head  area,  the  height  of  the  ports  should  be 
proportional  to  the  effective  bore  or  piston  diameter.  Most  of 
the  Knight  motors  built  so  far  have  been  of  about  4  inches  bore 
and  slightly  over  5  inches  stroke,  and  in  these  the  inlet  port  is 
made  ^^  inch  and  the  exhaust  port  ^  inch  high. 

Valve  Motion  and  Timing-— The  valve  action  and  the  effect 
of  various  factors  upon  the  valve  timing  can  best  be  studied  by 
means  of  the  diagrams  Figs.  273  and  274.  It  may  be  stated 
that  the  small  cranks  for  driving  the  two  valve  sleeves  are  in 
practice  set  so  as  to  make  an  angle  of  60  to  90  degrees  with 
each  other.  In  the  diagrams  it  is  assumed  that  they  are  set  at 
an  angle  of  80  degrees.  It  is  further  assumed  that  the  half 
speed  shaft  is  directly  underneath  the  hinge  joint  to  the  lug  of 
the  sleeve^  and  that  the  connecting  rods  are  of  twice  the  length 
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of  the  valve  motion.  We  have  here  a  regular  crank  and  con- 
necting rod  mechanisin,  the  jame  in  every  particular  u  the  main 
crank  and  connecting  rod  of  the  engine,  and  the  laws  of  motion 
previously  deduced  for  this  mechanism  therefore  apply  in  this 
case.  We  found  (equation  20)  that  the  distance  which  the 
piston  moves  from  its  topmoit  position,  while  the  crank  turns 
through  an  angle  t,  is 

where  n  Is  the  ratio  of  connecting  rod  length  to  length  of  Stroke. 
In  case  the  lug  joint  is  offset  from  the  vertical  line  through 
the  half  speed  shaft  by  a  distance  /,  we  may  apply  equation  (62), 


Fig.  273.— DiAtatAif  or  Inlet  Action. 

according  to  which  the  vertical  distance  between  the  axil  of  the 
lalf  speed  shaft  and  the  centre  of  the  lug  on  the  valve  sleeve  is 

The  corves  in  Rgs.  273  and  274  were  drawn  by  means  of  the 
Mrst  of  these  equations.  The  sleeve  travel  was  assumed  to  be 
iM  inches.  It  will  be  noticed  that  in  each  diagram  there  are 
lour  curves,  representing  the  up  and  down  motion  of  the  top 

fld  bottom  edges  of  the  inlet  and  exhaust  ports  in  the  sleeves 
"espectively.     In  Fig.  273  there  are  also  two  horizontal  lines 

presenting  the  top  and  bottom  edges,  respectively,  of  the  inlet 
oort  in  the  cylinder  wall.  The  inlet  begins  to  open  when  the 
bottom  edge  of  the  port  in  the  outer  sleeve,  moving  downwardly, 
oasses  the  top  edge  of  the  port  in  the  inner  sleeve  moving  down- 
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wardly.  The  inlet  closes  when  the  bottom  edge  of  the  port  in 
the  inner  sleeve,  moving  upwardly,  pmsses  the  top  edge  of  the 
port  in  the  outer  sleeve  also  moving  upwardly.  By  reference  to 
the  scale  at  the  hottom  of  the  diagram  it  will  be  seen  that  the 
inlet  extendi  over  200  degrees  of  crank  motion.  Now,  it  ii 
customary  to  open  the  inlet  10  to  15  degrees  after  the  crank- 
shaft passes  the  upper  dead  centre  and  to  dose  it  about  30  to 
35  degrees  after  the  crankshaft  passes  the  lower  dead  centre. 
Since  the  total  opening  extends  over  200  degrees,  or  20  degrees 
more  than  a  half  revolution,  it  is  evident  that  the  lag  of  inlet 
closing  must  exceed  the  lag  of  inlet  opening  by  ao  degrees.    We 


will  therefore  let  the  inlet  open  10  degrees  late  and  close  30  de- 
grees late.  The  point  on  the  horizontal  axis  at  which  the  inlet 
begins  to  open  therefore  corresponds  to  a  crankshaft  motion  of 
10  degrees  from  the  top  dead  centre.  This  enables  us  to  plot 
the  four  dead  centre  positions  on  the  horizontal  scale,  and  to 
properly  divide  the  whole  scale. 

Fig.  274  is  a  diagram  of  the  exhaust  port  action.  The  ex- 
haust begins  to  open  when  the  lower  edge  of  the  port  in  the 
inner  sleeve,  moving  downwardly,  passes  the  lower  edge  of  that 
portion  of  the  cylinder  head  which  extends  into  the  cylinder. 
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The  exhaust  closes  when  the  top  edge  of  the  port  in  the  outer 
ieeve,  moving  downwardly,  passes  the  lower  edge  of  the  port 
^  the  cylinder  wall.  In  order  to  secure  the  proper  length  ot 
ralvc  opening  the  ports  in  the  inner  and  outer  sleeves  are 
flaced  at  different  levels,  the  one  in  the  outer  sleeve  being  at  a 
fewer  level  {H  inch  lower  in  the  diagram).  The  exhaust 
opening  under  the  assumptions  here  made  extends  over  a  period 
corresponding  to  240  degrees  of  crank  motion.     The  exhaust 
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Fig.  275. — Inlet  Timing  of  Stearns-Knight  Motor. 

begins  to  open  50  degrees  ahead  of  the  lower  dead  centre  and 
closes  10  degrees  past  the  top  dead  centre.  In  order  to  effect 
this  valve  timing  the  half  speed  shaft  must  be  so  set  that  when 
the  motor  crankshaft  is  in  the  top  dead  centre  position  at  the 
beginning  of  the  inlet  stroke,  the  crank  operating  the  inner 
sleeve  has  to  travel  through  15  degrees  until  it  reaches  the  bot- 
tom dead  centre  position,  and  the  crank  operating  the  outer 
sleeve  has  to  travel  through  95  degrees  till  it  reaches  the  bot- 
tom dead  centre  position. 
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Diagrami  like  the  above  are  very  convenient  for  studying 
the  eSect  of  various  change*  in  the  portt  and  valve  gearing,  u, 
for  instance,  a  change  in  the  angle  between  the  cranka  for  the 
two  ileeves  of  each  cylinder,  a  change  in  the  width  of  porta, 
etc  It  may  be  pointed  out  that  the  various  licensees  under  the 
Knight  patent  design  their  engines  in  their  own  way  ahd.employ 
different  valve  timings.  As  a  rule,  since  the  large  area  of  port 
opening  allows  of  ver^  high  piston  speeds,  the  inlet  vsJve  it  given 
3  considerable  lag  and  the  exhaust  port  considerable  lead. 


Etc.  276. — Exhaust  Tiuinc  of  Shakns-K night  Motob. 


Figs.  275  and  276  show  the  positions  of  the  valves  and  the 
crank  of  a  Stearns- Knight  motor  when  the  inlet  begins  to  open, 
is  fully  open  and  closes,  and  when  the  exhaust  begins  to  open, 
is  fully  open,  and  closes.  This  motor,  contrary  to  ordinary 
practice,  turns  in  a  counter  clockwise  direction.  It  will  be  no- 
ticed that  the  exhaust  has  the  extreme  lead  of  64^^  degrees, 
but  no  lag. 
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Port  Opening  Areas— The  two  chief  advanUgei  claimed  for 
the  Knight  motor  src,  firit,  ita  high  ou^ut  for  given  cylinder 
dimensions,  which  is  due  partly  to  the  large  arett  and  rapid 
opening  and  closing  of  the  valve  ports,  and  partly  to  the  fa- 
vorable form  of  the  compression  chamber;  and,  second,  its  si- 
lent  c^iei^tion.  It  may  be  of  interest  to  compare  the  valve 
capacity  of  a  Knight  motor  with  that  of  a  poppet  valve  motor. 
Suppose  a  motor  of  4  inch  bore  to  have  inlet  ports  ^  inch 
hi^  and  extending  one-third  around  the  circumference.  Also, 
let  the  valve  timing  be  that  depicted  in  Fig.  273.  Then  the 
opening  of  the  valve  is  represented  by  the  diagram  Fig.  277. 
This  diagram  is  practically  a  triangle,  the  opening  curve  being 
very  slightly  concave  and  the  closing  curve  convex  (from  the 
inside).  The  average  heif^t  of  opening  is  therefore  yi  inch. 
The  length  of  the  port  around  the  circumference  is 


^i^  ?^*  =  4-19  inches. 
3 
and  the  valve  capacity  therefore  is 

4.19x^x300-309.5  square  mck-degreu. 
Now  let  us  see  wbat  dianiete'r'~oF'pdppe^  valve  would  be  required 
to  equal  ihii.  Assume  that  the  lift  of  the  poppet  valve  is  one- 
fifth  of  the  clear  diameter.  Also  assume  that  the  valve  is  opened 
with  constant  acceleration  and  deceleration  in  85  degrees  of  crank- 
shaft motion,  and  that  the  total  opening  period  iS  aoo  degrees  o( 
crank  motion.    Then  the  equivalent  duration  of  full  opening  ia 

200—85  =  115  degrttt, 

and  the  full  opening  area  of  the  valve  must  be 

ao9S  „  .    . 
—  ^  1 .  8a  square  inches. 
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Now,  according  to  eqtiation  (88)  the  area  of  opening  of  a  no^ 
pet  valve  is 

^  ss  r  (o.  7  <f  A  +  o.  35  A*) 
and  with 

5 

^  =  r  (o.  Z4  <^  +  0.014  e^)  aa  0.484  <^  • 

We  have,  therefore,  . 

0.484 €i*  =  X .82  square  inches, 

d ^a/I^  =  I  .^inches. 

y  0.484 

A  diagram  showing  the  variation  of  the  opening  area  of  a  pop- 
pet valve  of  1.94  inches  clear  diameter  is  superposed  on  the 
sleeve  valve  diagram  in  Fig.  277.  The  two  diagrams  should  be 
of  the  same  area.  It  appears  that  the  sleeve  valve  diagram  has 
a  slightly  greater  area,  which  is  probably  due  to  a  slightly  er- 
roneous assumption  in  making  the  calculation.  It  is  absolutely 
correct  that  the  average  lift  of  the  poppet  valve  for  the  whole 
period  of  opening,  viz.,  200  degrees,  is  equivalent  to  the  maxi- 
mum lift  during  115  degrees  of  opening,  but  since  the  area  of 
opening  is  not  absolutely  proportional  to  the  lift  (see  equation 
88)  the  average  opening  of  the  valve  for  the  full  period  is 
equivalent  to  a  full  opening  for  a  slightly  different  period.  The 
difference  is  negligible,  however. 

It  is  frequently  said  that  the  sleeve  valve  opens  much  quicker 
than  the  poppet  valve,  but  this  is  only  partly  correct.  The  fact  is 
that  the  sleeve  valve  opens  and  closes  at  substantially  uniform 
speed,  whereas  the  poppet  valve  begins  and  ceases  to  open  at 
practically  no  speed  and  attains  its  maximum  opening  speed  at 
half  opening.  The  sleeve  valve  opens  the  most  rapidly  at  first 
but  the  least  rapidly  later  on,  and  the  poppet  valve  attains  its 
full  opening  in  a  shorter  time  than  the  sleeve  valve. 

Fig.  278  shows  the  opening  diagram  of  the  exhaust  ports  for  a 
sleeve  valve,^t(ie  maximum  width  of  the  port  opening  being  J^ 
inch,  the  length^  4.19  inches  and  the  timing  as  in  Fig.  274.  It  will 
be  seen  that  the^rbrt  attains  its  maximum  opening  in  103  degrees 
of  crankshaft  motion,  remains  fully  open  for  27  degrees  and  doses 
240  degrees  of  crankshaft  motion  after  beginning  to  open.  The 
vaWe  capacity,  therefore,  is 

27  +  240 

— 7-^ — X  4.19  ^  280  sqiMfe  inch-degrees. 

In  order  that  a  poppet  valve  having  a  lift  equal  to  one-fifth  the 
clear  diameter,  which  is  accelerated  and  decelerated  uniformly 
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and  attains  iu  full  lift  in  85  degree*  of  crank  ntotion,  may  havE 
an  equal  valve  capacity,  it  must  have  a  diameter  d  such  that 

0.484  cP  ^ — ^^ —  =  t. 80^  sonars  incAcf. 
'^  24a  -  85 

T     0.484 

It  may  be  said  that  comparatively  few  poppet  valve  motors  are 
fitted  with  such  large  valves. 

Silent  Operation— The  other  advantage  of  the  sleeve  valve 
motor  is  its  silent  operation  at  all  speeds.  This  is  due  to  the 
fact  that  the  valves  are  closed  (as  well  as  opened)  positively. 
Besides,  the  half  speed  shaft  is  driven  by  a  silent  chain  instead  of 
spur  or  helical  gears.  The  absence  of  valve  pockets  and  exposed 
valve  gear  members  also  gives  the  motor  a  simple  and  rugged 
appearance. 


Fig.  278.— Akea-of-Exhaust-Openihc  Dugbau. 

Pover  Consumed  by  Sleevo — Owing  to  the  fact  that  most 
of  the  time  while  there  is  considerable  pressure  in  the  cylinder 
(he  sleeves  travel  in  the  same  direction  as  the  piston,  compara- 
tively little  power  is  required  for  moving  the  sleeves.  It  can  be 
seen  hy  reference  to  Fig.  273  that  both  sleeves  move  up  with  the 
piston  during  the  compression  stroke  and  that  the  inner  sleeve 
moves  down  with  the  piston  during  the  power  stroke.  The  outer 
sleeve^  ^wever,  moves  in  opposition  to  the  piston  during  the 
power  itroke.  Mr.  Knight  stales  that  tests  made  on  a  six  cylin- 
der, 75  h.  p.  motor  showed  that  a  h.  p.  was  re<iuired  for  driving 
the  'lalf  speed  shaft. 

Lubrication  and  Cooling— One  of  the  chief  problems  with 
a  motor  of  this  tcind  is  undoubtedly  effective  lubrication  of  th« 
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sleeves.  Most  of  the  motors  manufactured  under  the  Knight 
patents  are  provided  with  splash  lubrication,  and  it  is  claimed  that 
:he  suction  in  the  ports  during  the  inlet  stroke  draws  the  oil  up 
between  the  sleeves,  the  piston  and  the  cylinder  wall.  The 
splashers  secured  to  the  connecting  rod  heads  dip  into  oil  troughs 
underneath  the  cranks,  which  are  hinged  and  connected  with  the 
throttle  so  that  they  are  raised  and  lowered  as  the  throttle  is 
opened  and  closed  respectively.  This  is  illustrated  in  Fig.  279, 
(n  the  Panhard-Knight  motor,  however,  oil  is  fed  to  the  sleeves 
through  a  passage  in  the  cylinder  head.  The  sleeves  in  every 
case  are  cut  with  helical  oil  grooves  on  the  outer  surface,  and 
in  the  Panhard  motor  they  are  in  addition  drilled  with  numerous 


Fig.  279.— Movable  Oil  Splash  Trough. 

oil  holes  80  that  the  oil  may  pass  from  one  side  of  the  sleeve 
wall  to  the  other. 

The  question  has  been  raised  as  to  whether  there  would 
not  be  danger  of  the  edges  of  the  ports  being  burned  by  the 
hot  gases,  but  it  is  stated  that  inasmuch  as  both  of  the  ports 
In  the  inner  sleeve  are  covered  by  the  junk  ring  at  the  moment 
of  explosion  and  for  some  time  thereafter,  their  edges  are  not 
exposed  to  the  maximum  temperature  occurring  in  the  cylin- 
der, and  no  trouble  from  burning  is  experienced. 

Test  Results  of  Knight  Motor— A  very  rigid  test  of  a 
four  cylinder  Knight  motor  of  96  mm.  bore  and  130  mm. 
stroke  was  made  during  March,  1909,  by  the  Royal  Automo- 
bile Club  of  Great  Britain  and  Ireland.  At  first  a  bench  test 
was  made  extending  over  five  days  twelve  hours  and  fifty- 
eight  minutes.  No  penalized  stops  occurred,  but  two  stops  of 
an  aggregate  duration  of  seventeen  minutes  were  made  which 
incurred  no  penalty.  According  to  the  conditions  of  the  test, 
35.3  h.  p.  was  to  be  obtained  at  1,400  r.  p  m.,  and  the  power 
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was  at  no  time  to  fall  below  this  figure.  The  average  horse 
power  recorded  during  the  time  of  the  trial  was  38.83  (A.  L. 
A.  M.  rating  22.85).  T^^^  gasoline  consumed  amounted  to 
476.5  gallons,  equivalent  to  0.668  pound  per  horse  power  hour. 
On  the  completion  of  this  bench  test  the  engine  was  fitted 
into  a  chassis,  under  observation,  without  any  of  the  vital 
parts  being  disturbed,  and  the  car  was  fitted  with  a  standard 
touring  body.  The  car  was  then  driven  229  miles  on  the  road 
and  1,915.1  miles  on  Brooklands  track,  the  average  speed  made 
on  the  track  being  41.88  miles  per  hour.  The  gasoline  con- 
sumption on  the  track  was  at  the  rate  of  one  imperial  gallon 
per  22.44  miles,  equivalent  to  33.37  ton-miles  per  imperial 
gallon.  At  the  conclusion  of  the  road  test  the  engine  was 
removed  from  the  chassis,  and,  without  having  any  of  its  vital 
parts  disturbed,  was  submitted  to  another  bench  test  which 
lasted  for  five  hours  two  minutes.  During  this  test  there 
were  no  stops  whatever,  the  average  horse  power  recorded 
was  38.96,  and  the  average  gasoline  consumption  0.677  pound 
per  horse  power  hour.  The  engine  was  then  completely  disman- 
tled and  no  perceptible  wear  was  noticeable. — ^A  336  hour  non- 
stop run  under  full  throttle  at  1,100  feet  piston  speed  per  minute 
was  made  by  a  Moline-Knight  engine  ^t  the  Automobile  Club  of 
America  laboratory  in  December,  1913  (see  page  416). 

Piston  Valves — Since  the  Knight  motor  proved  to  be  a 
success  there  has  been  considerable  development  in  gasoline 
engine  valves  of  other  than  the  poppet  type.  A  large  number 
of  patents  have  been  taken  out,  particularly  in  England,  for 
piston  and  rotary  valve  motors.  The  piston  valve,  as  a  rule, 
consists  of  a  piston  similar  to  the  one  in  the  working  cylin- 
der which  reciprocates  in  a  valve  cylinder  generally  parallel 
with  the  cylinder,  but  which  may  extend  horizontally  across 
the  cylinder  head  or  open  into  the  cylinder  head  at  an  angle. 
This  valve  piston  is  driven  from  a  half  speed  shaft  through 
a  small  crank  and  connecting  rod.  In  some  cases  the  valve 
cylinder  opens  directly  into  the  working  cylinder,  while  in 
other  cases  it  communicates  with  it  through  a  port.  In  the 
former  case  there  is  a  passage  in  the  side  of  the  valve  cylinder 
which  is  uncovered  by  the  valve  piston  during  the  desired 
period  of  valve  opening.  A  design  of  the  second  kind  is 
shown  in  Fig.  280.  Here  the  valve  piston  is  double  ended, 
with  a  partition  wall  in  the  centre  and  a  port  in  its  side  wall 
just  above  the  partition  wall,  which  registers  with  the  port  in 
the  wall  of  the  working  cylinder  at  the  proper  time.  Since 
the  port  in  the  valve  piston  registers  with  the  cylinder  port 
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during  both  the  up  and  the  down  ■troke  of  the  valve  piitons, 
the  valve  operating  shaft  in  this  instance  must  be  geared  to 
run  at  one-quarter  crankshaft  speed.  It  is  obvious  that  with 
a  valve  construction  of  this  kind  the  valve  diagram  is  of  sub- 
stantially triangular  form,  the  cylinder  port  being  uncovered 
and  then  covered  at  practically  uniform  speed.  The  objection 
to  the  design  is  that  it  is  rather  bulky. 


E'xhduat  /niet 


Fic.  280.— Piston  Valve  Motor. 

Rotary  Valvet— Numerous  designs  of  rotary  valves  have 
also  been  worked  out,  but  they  have  not  yet  been  adopted  for 
automobile  work  to  any  extent.  Fig.  281  shows  the  Reynolds 
rotary  valve  motor  made  by  the  Reynolds  Motor  Co.,  of  De- 
troit, more  particularly  for  marine  service.  The  valve  of  this 
motor  consists  of  a  flat  disc  which  seats  against  the  inside  of 
the  cylinder  head.  It  is  provided  with  a  shaft  extending  up- 
ward through  the  centre  of  the  cylinder  head,  and  provided 


438  SLEEVE,  PISTON  AND  ROTARY  VALVE  MOTORS. 

with  M  spur  gear  on  top  of  the  cylinder  head  through  whicfe 
it  is  driven  from  the  crankshaft  at  one-half  the  speed  of  the 
latter.  The  valve  disc  has  a  port  cut  into  it  of  the  shape 
shown  in  Fig.  282,  which  registers  successively  with  the  inlet 
and  exhaust  ports  of  the  same  shape  in  the  cylinder  bead. 
The  valve  mechanism  of  this  motor  is  quite  noiseless  and  the 
motor  is  of  simple  and  compact  design,  in  which  respect  it 
resembles  the  sleeve  valve  motor,  but  it  has  the  disadvantage 
that  the  valve  is  pressed  against  the  seat  by  the  force  of  the 
explosion,  which  causes  considerable  resistance  to  its  motion, 
produces  heat  and  tends  to  squeeze  out  the  lubricating  oil  be- 
.  tween  the  valve  disc  and  its  seat.  One  advantage  of  this 
design  of  valve  is  the   form  of  the  ports,  which  are  nearly 


Fic.  281.~Revnolds  Rotaky  Valve  Motor. 
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Fig.  282. 

square  and  have  a  small  periphery  as  compared  with  thetf 
area.  This  means  that  the  resistance  of  the  port  is  relatively 
small. 

Another  form  of  rotary  valve  motor,  the  Mead,  is  illustrated 
in  Fig.  283.  In  this  four  cylinder  motor  there  are  two  long 
valve  drums  extending  along  opposite  sides  oi  the  cylinders 


Fig.  283. — Mead  Rotary  Valve  Motor. 
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near  their  heads.  These  valve  cylinders  are  cut  with  diame- 
tral ports  through  them  at  distances  apart  equal  to  the  cen- 
tre distances  of  the  cylinders,  and  suitably  spaced  angularly 
so  as  to  open  the  ports  of  the  cylinders  in  the  succession  in 
which  these  cylinders  iire.  One  of  the  valves  serves  for  the 
exhaust  and  the  other  for  the  inlet.  These  valves  are  driven 
at  quarter  engine  speed. 

Although  a  great  deal  of  inventive  effort  has  been  spent  on 
rotary  and  piston  valve  engines,  especially  since  1909,  no  cars 
with  such  engines  are  at  present  (1916)  being  built  in  the 
United  States  to  the  author's  knowledge.  Those  interested  in 
these  engines  will  do  well  to  look  up  articles  by  Eugene  P. 
Batzell  in  The  Horsei£SS  Age  of  May  25,  Jtme  1  and  June 
8,  1910,  and  Scpten  be:  20,  September  27  and  October  4,  1911 


CHAPTER  XIX 


THE  TWO  STROKE  CYCLE  MOTOR 

The  two  cycle  motor  has  been  and  still  is  used  very  exten- 
sively for  marine  work,  but  its  use  on  automobiles  has  always 
been  limited.  In  fact,  at  the  present  time  (1916)  there  is  not  a 
single  prominent  concern  in  the  United  States  manufacturing 
cars  with  motors  of  this  type. 

The  characteristic  feature  of  the  two  cycle  motor  is  that 
there  is  an  explosion  in  each  cylinder  during  every  down 
stroke  of  the  piston,  instead  of  during  every  second  down 
stroke,  as  in  the  four  cycle  motor.  One  other  feature  which 
distinguishes  the  two  cycle  motor  from  the  four  cycle  is  that 
the  combustible  charge  must  be  pre-compressed  in  order  to 
get  it  into  the  working  cylinder.  This  is  generally  done  in  the 
crank  case,  which  is  made  gas-tight  and  acts  as  a  pump;  but  it 
is  sometimes  done  by  means  of  a  pump  formed  by  extensions 
of  the  working  cylinder  and  piston  or  by  an  entirely  separate 
pump  cylinder.  As  originally  adapted  from  marine  practice  the 
two  cycle  motor  was  of  extreme  simplicity,  but  it  possessed 
certain  defects,  and  in  order  to  overcome  these  it  was  found 
necessary  to  add  parts,  thus  complicating  the  motor  to  a 
certain  extent. 

The  Two  Stroke  Cycle. — The  successive  operations  in  the 
cylinder  and  crank  case  of  a  two  cycle  motor  are  as  follows: 
Referring  to  Fig.  284,  while  the  piston  is  moving  up  in  the  cylin- 
der it  creates  a  partial  vacuum  in  the  crank  chamber,  and  when 
it  reaches  a  certain  point  it  its  up-stroke  it  uncovers  a  port  A  in 
the  wall  of  the  cylinder,  through  which  combustible  charge  from 
the  carburetor  is  drawn  into  the  crank  chamber.  During  the  fol- 
lowing down  stroke,  after  the  port  A  has  been  covered  by  the 
piston,  this  combustible  charge  is  slightly  compressed  in  the  crank 
chamber,  the  usual  compression  pressure  being  between  6  and  8 
pounds  per  square  inch,  gauge.  As  the  piston  approaches  the 
bottom  end  of  its  stroke  it  uncovers  a  transfer  port  B  in  the 
cylinder  wall  (see  Fig.  285),  and  the  combustible  charge  under 
pressure  in  the  crank  chamber  flows  through  the  transfer  passage 
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into  the  cjlinder.  Shortly  after  the  piston  starts  on  ha  u^ 
stroke  it  doses  the  transfer  port,  and  during  the  remainder  ol 
the  up-stroke  the  charge  is  compressed  in  the  cylinder.  When 
the  piston  reaches  the  top  end  of  the  stroke  the  charge  in  the 
cylinder  is  ignited  and  the  piston  is  forced  down.  As  the  piston 
approaches  the  lower  end  of  its  stroke  it  uncovers  the  exhaust 
port  C  in  the  cylinder  wall  opposite  the  transfer  port  B  (see 
Y\g.  286),  and  the  humt  gases,  which  are  still  under  considerable) 
prcwure,  escape  throu^  this  port    It  should  be  pointed  out  that 


Flo.   284.— Admission   to  Fig.  28S.— Transference  of 

Ckank  Cass.  Chabge. 

the  exhaust  port  opens  slightly  earlier  than  the  transfer  port,  and 
a  considerable  portion  of  the  burnt  gases  escapes  before  any  new 
charge  enters  through  the  transfer  port  The  rest  of  the  burnt 
gases  are  swept  out  by  the  incoming  fresh  charge.  It  is,  of 
course,  impossible  to  insure  that  all  of  the  burnt  gases  be  swept 
out  and  that  none  of  the  fresh  charge  escape;  but  in  order  to 
prevent  as  far  as  possible  the  mingling  of  the  fresh  charge  with 
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the  spent  gases  a  deflector  D  is  formed  oD  the  piston  head  oppo- 
site the  transfer  port  which  deflects  the  incoming  current  of 
fresh  gas  upwardly  (Fig.  285). 

The  evacuation  of  the  cylinder  and  the  transference  of  a  new 
charge  from  the  crank  chamber  to  the  cylinder,  therefore,  go  on 
limultaneously;  and,  beside^  the  periods  of  admission  and  ex- 
haust, measured  in  degrees  of  crank  motion,  are  much  shorter 
than  in  the  four  cycle  motor.    While  in  a  four  cycle  motor  the 
admission  extendi  over  a  period  corresponding  to  about  aoo  de- 
grees of  crank  motion,  and  the  exhaust  to  a  period  correspond- 
ing  to   230   degrees   of   crank 
motion,  in  a  two  cycle  motor  the 
inlet  extends  over  less  than  90 
degrees   of   crank    motion,   and 
the  exhaust  over  less'  than  120 
degrees  of  crank  motion. 

Crank  Cue  Inlet*— In  the 
older  designs  of  two  cycle  mo- 
tors the  charge  from  the  car- 
buretor was  admitted  to  the 
crank  chamber  through  a  suction 
operated  poppet  valve.  This  type 
is  known  as  the  two  port  motor, 
and  is  extensively  used  for 
marine  work.  It  has,  however, 
never  found  any  application  for 
automobile  purposes,  owing  to 
the  fact,  it  is  claimed,  that  it  does 
not  lend  itself  to  operation  at 
high  speed.  Since  the  degree  of 
vacuum  in  the  crank  chamber  is 
always  quite  low,  the  valve  ac- 
tuating force  is  very  small,  and 
it  would  be  expected  that  at  high 
speeds  the  inertia  of  a  suction 
actuated  valve  would  be  a  dis- 
turbing factor  in  the  operation  Fig.  286,— Exhaust. 
of  the  motor. 

The  type  of  two  cycle  motor  illustrated  in  Figs.  284-286  are 
known  as  the  three  port  type.  In  it  a  port  is  cast  in  the  cylin- 
der wall  at  such  a  point  that  it  will  be  uncovered  by  the  lower 
end  of  the  piston  when  the  latter  approaches  the  top  end  of  its 
Stroke,  and  since  at  that  time  there  is  a  partial  vacuum  in  the 
crank  chamber,  combustible  charge  from  the  carburetor  is  drawn 
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through  the  port  into  the  crank  chamber.  Such  a  port  opens 
and  closes  positively,  but  it  remains  open  only  a  comparatively 
short  length  of  time.  The  suction  on  the  carburetor  starts  and 
stops  abruptly,  which  condition  calls  for  a  special  design  of 
carburetor. 

A  form  of  crank  chamber  inlet  which  combines  positive  op- 
eration with  gradual  opening  and  closing  and  an  extended 
period  of  opening  is  shown  in  Fig.  287.  In  this  design  a  fiat 
plate  A  with  an  inlet  port  cut  in  it  is  bolted  to  an  opening  in 
the  crankcase.  A  flat  valve  disc  B  with  a  valve  port  adapted  to 
register  with  the  port  in  the  plate  A  is  placed  against  the  plate 
from  the  inside  and  in  driving  connection  with  a  shaft  which  is 
driven  at  crankshaft  speed.  The  driving  means  consists  of  a 
crossbar  C  pinned  to  the  shaft  and  provided  with  two  driving 
fhns  D  D  and  two  spring  pressed  pltmgers  E  E  for  driving  the 


'  ■ 


Fig.  287. — ^Disc  Type  Crank  Case  Inlet  Valve. 

disc  and  keeping  it  in  contact  with  the  valve  plate,  respectively. 
With  this  type  of  inlet  valve,  charge  may  be  admitted  to  the 
crank  chamber  during  135  degrees  of  crank  motion,  that  is.  from 
the  time  the  transfer  port  closes  to  the  end  of  the  up-stroke, 
or  even  a  little  longer.  The  disc  valve  may  be  placed  concentric 
with  the  crank  journal  and  driven  directly  from  the  crank  arm, 
only  its  rubbing  speed  then  becomes  rather  high. 

A  somewhat  similar  port  arrangement  consists  in  forming  ports 
in  one  of  the  crankshaft  journals  and  in  its  bearing.  (See  Fig. 
294.)  These  ports  can  be  timed  the  same  as  the  disc  valve  just 
described. 

Crank  Chamber  Design — ^The  crank  chamber  of  a  two  cycle 
motor  differs  from  that  of  a  four  cycle  in  many  respects.  In  the 
first  place,  it  must  be  made  as  small  as  possible,  or  the  necessary 
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crank  chamber  compression  will  not  be  obtained.  If  we  assume 
that  the  crank  chamber  fills  to  a  pressure  of  14  pounds  per  square 
inch  absolute  and  we  wish  a  precompression  of  7  pounds  per 
square  inch  gauge,  or  21.7  pounds  absolute,  then  the  required 
crank  chamber  volume  may  be  calculated  as  follows:  With  this 
low  compression  tatio  it  is  permissible  to  assume  that  the  pressure 
varies  inversely  as  the  volume.  Compression  begins  when  the 
inlet  port  closes  and  ends  when  the  transfer  poet  opens.  .  We 
will  assume  that  the  motor  is  of  4  inches  bore  and  4^  inches 
stroke,  that  it  is  of  the  three  port  type,  that  both  the  inlet  and 
transfer  ports  are  ^  inch  wide  and  that  their  outer  edges  are  even 
with  the  limit  of  piston  travel.  Compression  then  begins  when  the 
piston  has  traveled  ^  inch  on  its  down  stroke  and  ends  when  it 


Fig.  288.— Two  Stkoke  Crank  Chamber. 

has  traveled  4  inches,  and  has  still  ^  inch  more  to  travel.  Now, 
let  us  call  the  initial  volume  of  the  charge  Fi  and  the  final 
volume  Vt.  Then  the  reduction  in  the  volume  of  the  charge 
during  compression  is  equal  to  the  volume  of  a  cylinder  4  inches 
in  diameter  and  zVi  inches  long,  which  is 


Consequently 


4X4 

2 2  X  3.14  X  3.5  ==  43.9()  cubic  inches. 


Fi_2i.7 
.     yi        14 
f/,-Fi  =  43.06 
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n= 1.55^1 

f^  =s  80  cubic  inches. 

That  is,  the  edacity  of  the  crank  chamber  at  the  moment  the 
transfer  port  opens*  when  the  piston  is  ^  inch  from  the  bottom 
end  of  the  stroke,  must  be  80  cubic  inches. 

In  order  to  get  the  crank  chamber  down  to  this,  volume,  various  ^ 
expedients  are  resorted  to.  In  the  first  place,  the  crank  chamber 
wsdl  is  made  to  come  as  closely  as  possible  to  the  form  described 
by  the  crank  in  its  revolution.  Then  the  connecting  rod  b  made 
as  short  as  possible,  say,  1.8  times  the  stroke,  and  if  this  does  not 
bring  the  volume  down  sufficiently  a  crankshaft  with  discs  instead 
of  crank  arms  may  be  uSed. 

A  manograph  diagram  from  the  crank  case  of  a  two  cycle 
motor,  taken  by  Albert  L.  Clough,  is  shown  in  Fig.  289.  At  the 
beginning  of  the  up*8troke,  there  is  a  slight  over-pressure  in 
the  crank  case,  and  this  increases  during  the  first  part  of  the 


Fig.  289. — Ckank  Case  Psessuse  Diagram. 

stroke,  as  long  as  the  transfer  port  remains  open,  which  may  be 
due  to  the  heating  of  the  charge  as  it  comes  in  contact  with  the 
cylinder  walls,  or  to  a  return  wave  following  the  surging  of  the 
charge  into  the  cylinder.  Shortly  after  the  transfer  port  is  closed 
a  vacuum  begins  to  form  in  the  crank  chamber,  increasing  up  to 
the  point  where  the  inlet  port  opens.  The  crank  chamber  then 
fills  rapidly  and  at  the  end  of  the  stroke  is  filled  nearly  to 
atmospheric  pressure.  During  the  return  stroke  the  charge  is 
compressed  in  the  crank  chamber  and  attains  a  maximum  pressure 
of  about  8.5  pounds  per  square  inch  at  the  point  where  the 
transfer  port  begins  to  open.  The  pressure  thereafter  rapidly 
drops  to  hear  atmospheric. 

Since  the  crank  chamber  acts  as  a  pump  it  must  be  made  and 
maintained  air-tight.  In  the  three  port  type  of  engine  it  is  neces- 
sary to  place  one  packing  ring  on  the  piston  near  the  lower  end 
so  that  the  change  under  pressure  in  the  crank  chamber  will  not 
stow  back  by  the  piston  and  out  through  the  inlet  port.  There  is 
also  a  chance  for  leakage  through  the  crankshaft  bearings.  In  order 
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to  ixj^iAAize  this  leakage  the  bearings  must  be  made  of  liberal  size» 
tnd  particularly  of  good  length,  so  they  will  wear  very  slowly, 
grease  lubrication  of  the  bearings  tends  to  keep  the  charge  in,  but 
#  not  very  suitable  for  automobile  work.  Force  feed  of  oil  to  the 
tarings  is  the  next  best  thing.  Some  manufacturers  provide  the 
end  bearings  with  packing  on  the  outer  ends. 

In  a  multicylinder  t^o  cycle  motor  the  crank  chamber  of  each 
cylinder  must  be  separate,  in  order  that  it  may  act  as  a  charge 

pump. 

Transfer  Passage  and  Deflector— From  the  crank  chamber 
the  charge  must  be  transferred  to  the  cylinder  while  the  piston 
is  at  and  near  the  lower  end  of  its  stroke.  Sometimes  the  trans- 
fer passage  extends  down  the  side  of  the  cylinder  and  through  the 
top  portion  of  the  crank  chamber,  as  seen  in  Figs.  284-286.  How- 
ever, certain  designers  prefer  to  shorten  the  passage  by  terminat- 
ing it  below  in  a  port  in  the  cylinder  wall  with  which  registers  a 
port  in  the  piston  wall  when  the  piston  is  at  the  bottom  end  of 
its  stroke.     (Sec  Fig.  290.) 

The  cross  section  of  the  transfer  passage  should  be  at  least 
equal  to  that  of  the  transfer  port.  All  of  the  three  ports  extend 
over  8o  to  85  degrees  of  the  cylinder  circumference,  but  their  ef- 
fective width  is  reduced  by  a  bridge  at  the  middle  about  H  inch 
wide.  This  bridge  is  necessary  in  order  to  prevent  the  piston 
rings  from  springing  out  and  being  caught  by  the  edges  of  th< 
port  The  bridge  in  the  exhaust  port  naturally  becomes  very  hot 
and  in  cylinders  of  considerable 
size  it  is  customary  to  make  it 
hollow  and  cool  it  by  either 
water  or  air  circulation. 

It  is  a  good  plan  to  insert  a 
wire  screen  in  the  transfer  pas- 
sage'or  place  it  against  the  open- 
ing of  same  into  the  crank  cham- 
ber, so  as  to  prevent  explosions 
in  the  crank  chamber.  When 
the  charge  admitted  to  the  cyl- 
inder is  low  in  gasoline  it  bums 
very  slowly  and  is  still  burning 
when  the  transfer  port  is  opened. 
The  new  charge  arriving  from 
the  crank  chamber  is  then  easily 

ignited,  resulting  m  an  explosion  in  the  crank  chamber  whereby 
the  three  or  four  following  explosions  are  missed.  The  same 
thing  occurs  when  the  spark  is  set  late.  This  can  be  prevented  by 


Tta.  290.— Transfer  Post  in 
Piston  Wall. 
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placing  a  wire  gauze  screen  of  sufficiently  fine  mesh  across  the 
transfer  passage,  which,  on  the  familiar  principle  of  the  miner's 
lamp,  will  prevent  the  flame  from  passing  through  it.  The  screen, 
of  course,  must  be  sufficiently  rigidly  secured  so  as  to  withstand 
the  forces  acting  upon  it,  and  it  must  be  of  such  large  area  as  not 
to  throttle  the  charge. 

In  order  to  prevent  the  fresh  charge  from  mingling  with  the 
spent  gases  a  deflector  plate  is  usually  formed  on  the  piston  head. 
The  form  of  this  deflector  differs  considerably  in  different  engines. 
Its  height  is  generally  limited  by  the  height  of  the  compression 
space.  Sometimes,  in  order  to  increase  the  permissible  height,  the 
piston  head  is  made  of  irregular  shape,  as  shown  at  A  in  Fig.  291. 


■*Ml*i 


Fig.  291. — Deflectors. 


the  deflector  forming  part  of  the  piston  head  wall.  The  distance 
of  the  deflector  plate  from  the  cylinder  wall  is  generally  slightly 
greater  than  the  height  of  the  transfer  port  The  central  part 
of  the  deflector  generally  forms  an  arc  of  a  circle  concentric  with 
the  cylinder,  while  the  ends  swing  around  toward  the  cylinder 
wall,  as  shown  at  B  in  Fig.  291.  It  is  well  to  provide  a  liberal 
fillet  where  the  deflector  joins  the  piston,  so  no  eddies  will  be 
produced  in  the  comer  and  interfere  with  the  rapid  flow  of  the 
charge. 

Port  Sizes — ^The  operation  of  a  two  cycle  motor  depends 
very  largely  upon  the  dimensions  and  locaiion  of  the  different 
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ports.  The  ports  must  be  located  very  accurately  in  the  casting* 
for  the  reason  that  once  the  motor  is  completed  it  is  impossible 
CO  make  any  adjustments,  as  is  possible  in  a  four  cycle  motor,  for 
instance.  The  dependence  of  the  port  width  and  height  upon  the 
bore  and  stroke  of  the  motor  is  a  matter  of  great  importance. 

If  we  take  two  motors  with  cylinders  of  different  dimensions, 
intended  for  the  same  speed  of  revolution,  then  the  capacities  for 
passing  gas  of  corresponding  ports  should  evidently  be  propor- 
tional to  the  cylinder  volumes.  However,  as  already  found  in  con- 
nection with  four  cycle  motors,  if  the  stroke  varies  the  speed  of 
revolution  will  vary.  It  is  logical  to  assume  that,  the  same  as  in  a 
four  cycle  motor,  the  speed  of  rotation  will  vary  inversely  as  the 
square  root  of  the  length  of  stroke.  The  port  capacity  must,  of 
course,  increase  directly  with  the  speed  of  rotation.  Then»  de- 
noting the  port  capacity  by  Q,  we  may  write 

0-;*Wx/I~i.^ („) 

An  analysis  of  a  number  of  successful  two  cycle  motors  shows 
that  the  average  value  of  the  transfer  poit  capacity  is 

Qt  =  2'*'  yTsquare  inch-dt^rees (lOo) 

and  the  average  value  of  the  exhaust  port  capacity 

@a  =  3. 3  b^^/Y square  inch-degrees (loz) 

Calculation  of  Port  Capacity — Referring  to  Fig.  292,  it  will 
be  seen  that  the  distance  o  by  which  the  port  is  opened  may  be 
expressed  by  the  equation 

Inserting  the  value  of  x  found  in  equation  (20) — 

o=A  +  i—  icos9'{-Lsin^$'^i=h ^^^cos0+^siH»0 

2      2  Sn  2      2  8» 


.apc\\\\\\\\\\x\^^^ 


In  Fig.  293  is  shown  a  co-ordinate 

diagram  in  which  the  abscissas  repre- 
sent crank  angles  and  the  ordinates 
length  of  port  6pening.  Let  d  9  repre- 
sent any  small  increment  of  the  crank 
angle  and  o  the  corresponding  length 
of  opening  of  the  port  Then  the  prod- 
uct 0  </  ^  represents  the  area  of  the 
narrow  strip  of  width  </  ^  and  height  0,  ^k^^^^i^^^^^ii^^ 
The  total  area  enclosed  by  the  port  **-A-^ 

opening  curve  and  the  horizontal  axis  Fig.  292. 

may    be*    called     the    port     opening 
integral,  and  be  denoted  by  /.    Inserting  the  value  of  o  m  the 
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expression  for  the  area  of  the  narrow  strip,  we  have 

ode^hde-'  Ld6'-Lcos9de+l^sin^$de. 

2  2  Sn 

In  order  to  find  the  area  of  the  entire  diagram  ve  have  to  inte- 
grate this  expression  between  the  limits  ^t  and  9* : 


r 


hde'~  —  de—Lcos9d9-\'^sin*9d9 

2  2  8» 


4-  — —  (  tf,  —  tf,  —  sin  tf,  cos  tf,  +  sin  9.cos9\ (ioa> 

i6«  \  / 

In  applying  this  equation  the  angles  9^  and  9t  must  be  expressed 

in  radians  and  the  result  will  be  in  inch-radians.    To  change  it 

to  inch-degrees  it  is  only  necessary  to  multiply  by  -^-^.    However, 

6.28 

equation  (102)  can  be  materially  simplified.    The  angles  ^1  and  ^ 

of  course,  represent  the  angles  of  crank  motion  from  the  begin- 


4 

Fig.  293. 

ning  of  the  down  stroke  t6  the  moments  of  port  opening  and 
closing,  respectively.  Now  let  a  represent  the  angle  of  crank  mo- 
tion corresponding  to  the  period  from  the  beginning  of  port  opt- 
ing to  full  opening  or  the  end  of  the  down  stroke.  Then 

9^ — ^1^2  a 

Sin  9t  —  sin  ^1  s  —  2  sin.  a 

(remembering  that  9t  is  in  the  third  quadrant  and  9t  in  the  second) 

—  sin  9t  cos  ^s  +  sin  9^  cos  ^i  s  —  2  sin  a  cos  a. 

Substituting  in  equation  (los)  we  have 

/=  I  A —  —  )  2a  +  ^  I  2  5tii  a  J  +  -T- «  (2a  —  a  «if  a  eoa  cl\  ■• 

(2  A  —  /)  a  -f- 1  sin  a'\-  x-{'t'~  *"* «  cos  a). 

on 

This  equation,  as  already  stated,  gives  the  ot>ening  Integral  to 

inch-radians.    In  inch-degrees  the  opening  integral  is 

6,28  L  *»  I 
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But  in  order  to  avoid  the  necessity  of  first  transforming  the 
angular  measurements  from  degrees  into  radians  we  may  trans- 
form this  equation  as  follows: 

/=J!52  (2siHa  —  -Lsinacosa\  —  (i^2h i\a 

6.28  \  8fi  /       \  Snf 

«i52L/5fifa  /i— icosaW //— 2A  — —  Wfii.-de^j (103) 

6.28  \       8«  /      V  811/ 

In  applying  this  equation  the  value  of  «  in  degrees  must  be  in« 
serted. 

Equation  (103)  involves  two  dependent  variables,  viz.,  h 
and  a.  In  order  to  make  use  of  it,,  it  is,  therefore,  necessary 
to  first  assume  a  value  for  h  and  then  find  the  corresponding 
value  of  a  by  means  of  equation   (49) — 


Co»0  = 


=  |/4«'  +  4«+l-8«/^-a' 


The  angle  a  is  the  supplement  of  angle  ^,  or  180  degrees 
—  0.  However,  since  both  of  these  equations  are  rather  un<* 
handy  for  use,  the  values  of  a  and  /  for  a  wide  range  of 
strokes  and  port  heights  have  been  calculated  and  are  given 
in  Tables  VII  and  VIII  respectively.  In  calculating  these 
tables  the  ratio  n  of  connecting  rod  length  to  length  of  stroke 
was  assumed  to  be  1.8.  The  values  given  in  the  tables,  how- 
ever, are  not  changed  much  by  a  slight  change  in  this  ratio. 
The  following  example  illustrates  the  use  of  these  tables  and 
of  .equations  (100)  and  (loi). 

Suppose  that  it  is  required  to  find  the  proper  dimensions 
for  the  transfer  and  exhaust  ports  of  a  4^x5  inch  two  stroke 
engine.  From  equation  (100)  we  find  that  the  transfer  port 
capacity  should  be 

2  X  4* 5'  ^  5  =^  90.6  square  inch^e^eest 

and  from  equation  (101)  that  the  capacity  of  the  exhaust 
port  should  be 

3.3X  4»5*  ^^T«=  »49'5  square  inch^U^ees. 

Now,  in  order  to  get  the  proper  timing  the  transfer  opening 
should  extend  over  a  little  less  than  90  degrees  of  crank  mo- 
tion (say  a~  43  degrees),  and  the  exhaust  opening  over 
about  115  degrees  of  crank  motion  (a  >  57.5  degrees).  By 
referring  to  Table  VII  we  see  that  with  a  stroke  of  5  inches 
a  port  height  of  ^^  inch  gives  for  a  a  value  of  42^  degrees 
ind  a  port  height  of  ^  inch,  a  value  of  56  degrees  26  minutes. 
We  will  adopt  these  values.  By  now  referring  to  Table  VIII 
we  see  that  the  port  opening  integral  for  5  inch  stroke  and 


452 


THE  TWO  STROKE  CYCLE  MOTOR 


Q 
O 

a 


2S 

o 

U 

o 

> 

n 


•I 
a 


I 


I 

1-4 


i 
1 


Seaoioc90»«S 


eeeoooooo 


2 

o 


i 
•3 

a 

to 


I 


•I 
V 

•3 

a 


o 

b 

V 

Q 


CO 
CO 

I 

o 


^       00 

CO     e« 


lo    00 
o      e 

to       ^ 


CO  t^ 

•  • 

e  o 

ei  e 

lO  lO 


CO       ^ 

•      o 


o 


o 

00 


V 

t- 

^ 

dl 

o 

^ 

»- 

0* 

s 

lO 

to 

• 

t 

• 

• 

•? 

• 

CO 

• 

■ 

f 

o 

e 

o 

o 

e 

o 

o 

o 

o 

o 

o 

<H 

o» 

t- 

lO 

CO 

t^ 

0» 

« 

CO 

o 

t* 

« 

o 

lO 

lO 

o 

lO 

* 

^ 

^ 

^ 

CO 

oooooeo.oo 
oco<e^e4<»i««oOT 


CO 

00 

^ 

So 

d» 

et 

0« 

0 

■ 

f 

•? 

•9 

• 

•9 

r 

• 

e 

e 

o 

o 

e 

o 

e 

o 

o 

M 

e 

00 

« 

^ 

e« 

e 

oo 

« 

« 

o 

lO 

to 

lO 

lO 

lO 

*• 

^ 

b 

^ 

^ 

^ 

b 

« 

*- 

V 

« 

« 

^ 

^ 

•» 

00 

« 

lO 

^ 

CO 

M 

0« 

•0 

I 

• 

• 

I 

• 

I 

o 

e 

o 

o 

o 

o 

o 

o 

o 

o 

• 

r^ 

at 

t- 

lO 

CO 

•H 

Ok 

t- 

lA 

CO 

o 

« 

lO 

lO 

lO 

lO 

•o 

^ 

^ 

*• 

^ 

* 

00 


•  • 

o      e 


K      «i, 


t-     ^ 


o      o      o 

^     o«     o 

lO      lO      lO 


•?     •? 

o      o 
oo    o 


e 
et 


o 

00 


d» 

00 

« 

CO 

e« 

et 

•H 

•9 

• 

«? 

•? 

«? 

e 

0 

o 

o 

o 

o 

r« 

^e 

CO 

•H 

Ok 

*- 

«o 

«o 

lO 

«o 

^ 

^ 

CO     e* 
o 


^  o 

•  • 

e  e 

1     i-i  00 

P       ^  CO 


• 

J 


n 

I 


8 

I 


M 
V 

U 

.s 


e 


I 


U3 
U 

s 


u 

d 


«  -3 


1  '^  I 

.9   •  J 

V4       iK 


J3 

I 


I 


t 


THE  TWO   STROKE  CYCLE  MOTOR. 


453 


^  inch  height  of  port  is  28.5  inch-degrees,  and  for  5  inch 
stroke  and  Ji  inch  height  of  port,  65.1  inch-degrees.  By  di- 
viding the  necessary  port  capacity  found  above  by  these 
values  for  the  port  integral,  we  get  the  required  circumferen- 
tial width  of  the  ports.    For  the  transfer  port 

zvt  =  ^'  -  =  3.18  inches. 


28.5 


ax-d  for  the  exhaust  port 

u^  =  £i£i5  =2.3  tnches. 
65.1 

As  used  for  marine  purposes  the  two  stroke  motor  is  pro- 
vided with  ports  much  smaller  than  those  here  calculated,  but 
marine  two  cycle  motors  will  run  only  at  comparatively  low 
speed  and  furnish  only  a  small  output  in  proportion  to  their 
cylinder  dimensions.  To  adapt  this  motor  to  high  speed  o^ 
eration  for  use  on  automobiles  the  ports  had  to  be  enlarged, 
'i'his,  of  course,  involved  some  disadvantages.  The  effective 
stroke  is  reduced  by  the  height  of  the  exhaust  port,  and  the 
greater  this  height  the  shorter  the  effective  stroke.  More- 
over, when  the  ports  are  very  high,  it  is  impossible  to  pre- 
vent some  of  the  fresh  charge  from  escaping  through  the 


TABLE  VIII— PORT  OPENING  INTEGRALS. 

Stroke.          6  6H        5H  5^  6          iH       4^         ^H         « 

Ins.  Ins.       Ins.  Ins.       Ins.       Ins.       Ins.       Ins.       Ins. 

?ort  Height.  Inch-Degrees. 

*  /^      SliCIlCB  •  •  •  •  Ji  vX  vO  •■••            ••••  ••••            ••«■            ■•••            ••••            •■••^          •••• 

1  S-16   inches. .  98 . 7  96 . 9  98          

IH   inches....   86.4  88.3  90.8      92.4      94.5       

11-16   inches..  80.8  81.7  88.4      85. S      87.5      90          92.7      

I   inch 73.4  75  76.7  78.4      80.4      82.8      86.6      87.6      89.9 

15-16   inch 66.8  68.1  69.6  71.3      78.2      75.1      77.1      79.8      81.6 

^   inch 60  61.6  63  64. 8      66.1      67.5      60          71.1      73.4 

18-16   inch 53.9  55.3  66.8  57.8      69.3      61.1      62.4      64          65.9 

^    inch 47.7  40.2  60.8  61.4      53.2      54.2      55.4      56.8      58.8 

il-16   inch 41.9  43. S  44.8  46.4      46.4      48.1      49.2      50.8      51.4 

^    inch 36.8  87.6  88.5  89.8      40.8      41.9      42.4      48.6      44.6 

9-16   inch 32.1  32.1  82.9  83.6.    34.6      85.4      86.6      37.6      88.4 

^    inch 26.9  27.9  27.8      28.6      29.3      30.4      81.8      32. f 
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exhaust  port,  whereby  the  fuel  economy  will  be  reduced. 
There  is,  therefore,  a  limit  to  the  practical  size  of  the  ports, 
and  this  limit  is  supposed  to  be  given  by  equations  (loo) 
and  (loi). 


It  was  stated  above  that  for  a  given  speed  of  revolution 
the  capacity  of  the  ports  to  pass  charge  should  be  propor- 
tional to  the  cylinder  volume,  and  in  the  calculation  of  the 
port  capacity  it   was   assumed   that   this   capacity   for   passing 
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charge  is  proportional  to  the  area  of  the  port.  This  assump- 
tion is  probably  not  absolutely  correct.  According  to  works 
on  hydraulics,  the  discharge  from  an  orifice  in  the  wall  of  a 
vessel  is  proportional  to  the  area,  while  the  discharge  through 
^  pipe  of  considerable  length  is  proportional  to  the  2.5th 
power  of  the  diameter,  hence,  varies  slightly  faster  than  the 
cross  sectional  area  of  the  pipe.  The  transfer  and  exhaust 
passages  present  cases  intermediate  between  those  of  orifices 
and  pipes,  and  it  might,  therefore,  appear  that  the  capacity 
for  passing  charge  would  increase  slightly  faster  than  the 
area.  However,  when  it  is  considered  that  in  a  motor  the 
flow  is  periodically  started  and  stopped,  and  that,  conse- 
quently, the  quantity  of  charge  passed  depends  to  some  ex- 
tent upon  the  inertia  of  the  gas,  and,  besides,  that  the  length 
of  the  passages  generally  increases  with  the  cylinder  dimen- 
sions, it  will  be  seen  that  the  assumption  that  the  quantity 
of  gas  passed  in  a  given  time  is  proportional  to  the  port  area 
must  be  very  near  the  truth.  Ports  dimensioned  according 
to  equations  (100)  and  (loi)  give  a  constant  gas  velocity  in 
cylinders  of  all  dimensions,  if  the  degree  of  filling  or  the 
volumetric  efficiency  remains  constant. 

It  should  be  pointed  out  that  up  to  now  considerable  diffi- 
culty has  been  experienced  by  manufacturers  who  have  suc- 
ceeded in  properly  working  out  an  engine  of  one  particular  size 
in  determining  the  proper  sizes  of  ports  for  an  engine  of  different 
cylinder  dimensions,  especially  if  the  ratio  between  the  length 
of  stroke  and  piston  head  area  was  different.  For  this  reason 
most  manufacturers  of  three  port,  two  stroke  automobile 
motors  have  adhered  closely  to  two  sizes  of  cylinders,  viz., 
4x4^  inch  and  4^x5  inch. 

The  ports  should  be  finished  by  means  of  a  milling  cutter 
of  small  diameter,  which  is  run  right  through  them,  so  as  to 
get  them  of  the  correct  width  and  at  the  correct  distance 
from  the  bottom  face  of  the  cylinder  casting. 

There  is  one  disadvantage  in  the  usual  arrangement  of 
the  ports,  as  illustrated  in  Figs.  284-286,  and  that  is  that  the 
greater  heating  of  the  cylinder  wall  on  the  exhaust  port 
side  tends  to  distort  the  cylinder.  Some  manufacturers  re- 
cently have  sought  to  overcome  this  defect  by  providing  two 
oppositely  located  transfer  ports  and  two  exhaust  ports  in- 
termediate between  the  transfer  ports.  While  this  overcomes 
the  trouble  due  to  unequal  expansion,  it  reduces  the  distance 
between  transfer  and  exhaust  ports,  and  therefore  increases 
the  liability  of  leakage  between  these  ports.     (See  Fig.  294.) 


456  THE  TWO  STROKE  CYCLE  MOTOR. 

Carburetors  and  Throttling:— Owing  to  the  fact  that  the 
suction  in  a  three  port,  two  stroke  motor,  lasts  less  than  half 
as  long  as  in  a  four  stroke  motor,  it  is  proportionately 
stronger.  For  this  reason  a  carburetor  adjusted  for  a  four 
stroke  motor  generally  does  not  give  very  satisfactory  re- 
sults on  a  three  port,  two  stroke  motor.  It  has  been  found 
that  if  a  carburetor  of  the  supplementary  air  valve  type  is  to  be 
used  on  the  latter  type  of  motor,  the  primary  air  inlet  around 
the  fuel  jet  must  be  made  very  small,  or  there  is  likelihood 
of  flooding  at  low  speed. 

The  throttle  valve  can  be  placed  either  in  the  transfer  port 
or  in  the  inlet  pipe  at  the  carburetor.  From  a  manufactur- 
ing standpoint  the  latter  location  is  preferable,  and  if  the 
carburetor  is  properly  designed  and  adjusted  it  is  equally  sat- 
isfactory. One  important  difference  between  the  two  stroke 
and  four  stroke  motors  is  that  when  the  two  stroke  motor  is 
throttled  its  compression  is  not  reduced.  The  combustion 
chamber  at  the  beginning  of  the  compression  stroke  is  always 
filled  substantially  to  atmospheric  pressure,  and  since  less 
new  charge  is  allowed  to  enter,  more  spent  gases  remain. 
This,  of  course,  results  in  a  dilution  of  the  charge  and  ren- 
ders ignition  more  difficult.  The  location  of  the  ignition 
terminals  is  for  this  reason  of  greatest  importance.  If  the 
spark  plug  is  placed  in  the  side  wall  of  the  cylinder  directly 
above  the  transfer  port  it  is  most  certain  to  be  surrounded 
by  fresh  charge  under  all  conditions,  but  unfortunately  its 
points  are  also  directly  exposed  to  any  oil  globules  carried 
along  by  the  incoming  charge,  for  which  reason  some  makers 
prefer  to  place  the  plug  in  the  centre  of  the  cylinder  head. 

Four  Cycling — When  a  two  stroke  motor  of  ordinary  con- 
struction is  throttled  down  much  it  usually  begins  to  miss, 
which  is  due  to  excessive  dilution  of  the  charge.  Sometimes 
throttling  gives  rise  to  a  phenomenon  known  as  "four  cy- 
cling." That  is,  the  engine  will  miss  every  second  charge. 
This  phenomenon  is  not  difficult  to  explain.  Evidently,  when 
a  charge  is  missed  it  contains  too  large  a  proportion  of  dead 
gas.  During  the  next  transfer  period  a  new  charge  enters, 
which,  instead  of  being  mixed  with  dead  gas,  is  mixed  with 
a  diluted  charge,  and  this  new  charge,  therefore,  is  not  di- 
luted so  much  that  it  is  not  inflammable.  The  following 
charge,  however,  is  again  mixed  with  dead  gas,  and  therefore 
fails  to  explode. 

Lubrication — In  two  stroke  motors  with  crank  case  com- 
pression it  is  impractical  to  employ  splash  lubrication,  since 


THE  TWO  STROKE  CYCLE  MOTOR.  457 

a  great  deal  of  the  lubricant  would  then  pass  with  the  charge 
into  the  combustion  chamber  and  would  cause  a  smoky  ex- 
haust, besides  waste  of  oil.  Many  two  cycle  motor  manu- 
facturers therefore  lubricate  their  cylinders  by  either  mix- 
ing lubricant  with  the  gasoline  or  feeding  it  to  the  inlet  pipe 
just  beyond  the  carburetor.  •  When  mixing  the  oil  with  the 
gasoline  about  one  quart  of  oil  is  used  for  every  five  gallons 
of  fuel.  The  crankshaft  journals  may  be  lubricated  by 
means  of  a  mechanical  oiler,  and  arrangements  may  be  made 
for  conducting  the  overflow  from  these  bearings  to  the 
crank  pin  bearings.  Some  manufacturers  provide  a  wick  oil 
feed  for  the  crank  pin  bearing,  the  wick  rubbing  against  the 
crank  chamber  wall  and  collecting  the  oil  which  precipitates 
on  the  wall  from  the  fuel  charge.  One  point  to  be  observed 
in  engines  with  crank  case  compression  is  that  the  oil 
grooves  in  the  crankshaft  bearings  must  not  be  brought  too 
close  to  the  outer  ends  of  the  bearings,  or  the  oil  will  be 
blown  out  through  the  bearings  by  the  compression.  These 
bearings  are  generally  babbitt  lined,  the  babbitt  being  cast 
directly  into  the  bearing  hubs,  and  the  bearings  then  reamed. 

Differential  Pistons — In  order  to  avoid  the  difficulties  in- 
herent in  crank  case  precompression,  differential  pistons  have 
lately  been  used  to  quite  an  extent.  It  may  be  pointed  out 
at  once  that  this  construction  is  applicable  only  in  the  case 
of  engines  with  an  even  number  of  cylinders.-  By  referring 
to  Fig.  295,  which  shows  an  engine  of  this  type,  it  will  be 
seen  that  the  cylinder  is  made  with  a  small  bore  at  the  top 
end  and  a  larger  bore  at  the  lower  end.  The  piston  is  also 
made  with  a  double  diameter,  the  small  diameter  portion  on 
top  fitting  the  small  bore  of  the  cylinder  and  the  larger  diam- 
eter lower  portion  fitting  the  bigger  bore.  The  regular  work- 
ing cycle  takes  place  in  the  upper  end  of  the  cylinder  above 
the  piston  head.  An  annular  space  is  formed  between  that 
portion  of  the  cylinder  wall  which  is  bored  to  the  larger 
diameter,  the  small  diameter  portion  of  the  piston  and  the 
shoulders  or  offsets  in  the  piston  and  cylinder  walls,  re- 
spectively. As  the  piston  moves  down  the  combustible  charge 
is  drawn  into  this  annular  space,  either  through  a  suction 
operated  poppet  valve  or  a  port  in  the  cylinder  or  piston 
wall.  If  the  port  is  in  the  piston  wall  the  charge  must  natur- 
ally pass  through  the  crank  chamber.  Upon  the  return 
stroke  of  the  piston  the  valve  or  port  closes  and  the  charge 
is  compressed  in  the  annular  space  to  a  relatively  high  pres- 
sure.    The  ports  would  be  so  proportioned  that  at  the  mo- 
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meat  the  transfer  port  is  opened  the  distance  of  the  oSset 
in  the  piston  from  the  offset  in  the  cylinder  is  eqtul  to 
about  one-quarter  the  length  of  stroke.  When  the  piston 
approaches  the  end  of  its  up-stroke  the  annular  space  is 
placed  in  communication  with  the  upper  end  of  another  cyl- 
inder in  which  the  piston  is  at  that  moment  approaching  the 
end  of  its  down-stroke,  and  which  is,  therefore,  ready  to 
receive  a  new  charge.     This   method   of  construction  is  par- 


FiG.  29S.— Cote  Differential  Piston,  Two  SnoKE  Motor. 

ticularly  ^plicable  to  double  cylinder  motors.  In  these 
the  two  cranks  are  set  at  i8o  degrees,  and  one  piston  is  at 
the  top  end  of  the  stroke  while  the  other  is  at  the  bot- 
tom end.  The  port  in  the  wall  of  the  annular  chamber  of  one 
cylinder  communicates  through  a  passage  with  the  working 
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end  of  the  other  cylinder,  and  when  the  transfer  port  of  the 
latter  cylinder  is  uncovered  by  its  piston  the  charge  from  the 
annular  compression  space  is  transferred  to  the  working  end 
of  the  other  cylinder.  One  method  of  thus  cross-connecting 
the  compression  and  combustion  chambers  of  two  cylinder: 
is  illustrated  in  Fig.  296. 

The  displacement  in  the  annular  space  would  generally  be 
made  a  little  greater  than  the  displacement  in  the  working 
end  of  the  cylinder,  with  the  object  of  getting  more  charge 
into  the  cylinder  during  each  revolution.  For  instance,  with 
a  bore  of  4  inches  for  the  working  end  of  the  cylinder,  the 
bore  of  the  annular  space  would  be  made  6  inches,  which 
gives  an  increased  displacement  of  about  25  per  cent 

One  objection  to  the  differential  piston  construction  is  that 
with  a  normal  length  of  stroke  it  gives  a  rather  high  engine, 
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Pig.  296.— Transfer  Passage  or  Cote  Motor. 


which  calls  for  a  high,  unsightly  bonnet  and  raises  the  centre 
of  gravity.  Another  disadvantageous  feature  is  that  the  re- 
ciprocating parts  are  of  necessity  quite  heavy  and  make  high 
speeds  impractical.  With  these  pistons  the  problem  also 
arises  as  to  where  to  place  the  piston  pin.  If  it  is  placed 
about  midway  of  the  length  of  the  piston  •(which  would  be 
the  best  location  from  the  standpoint  of  pressure  distribu- 
tion), there  might  be   leakage   from   the  annular  chamber  to 
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the  crank  chamber  around  the  ends  of  the  piston  pin.  For 
this  reason  some  mannfacturers  place  the  piston  pin  in  the 
top  bearing  portion  of  the  piston,  others  in  the  bottom  bear- 
ing portion,  and  still  others  just  below  the  top  ring  covered 
portion,  so  that  it  is  uncovered  only  when  the  piston  is  near 
the  bottom  of  its  stroke,  when  the  pressure  in  the  annular 
space  is  near  atmospheric. 

Poor  Cyliflder,  Two  Stroke  Motoro— In  earlier  years  two 
stroke  motors  for  automobiles  were  built  only  in  single 
and  double  cylinder  models,  but  owing  to  the  general  pref- 
erence for  four  cylinder  construction,  quite  a  number  of  four 
cylinder,  two  stroke  motors  have  been  buOt  since.  In  these 
it  is  customary  to  place  the  two  cranks  for  each  end  pair  of 
cylinders  at  i8o  degrees,  and  the  two  sets  of  cranks  at  90 
degrees  with  each  other.  This  causes  the  explosions  to 
occur  at  equal  intervals,  but  does  not  result  in  an  inherent 
balance  of  the  crankshaft,  and  balancing  weights  should  pref- 
erably be  used.  Two  carburetors  are  generally  used  with 
this  type  of  motor,  one  with  each  end  pair  of  cylinders.  Such  a 
motor  naturally  produces  a  very  uniform  turning  moment. 
Since  the  exhausts  in  a  four  cylinder  motor  overlap  consider- 
ably, a  separate  exhaust  pipe  has  to  be  provided  for  each 
pair  of  cylinders. 

Distributor  Valve  Motor — ^In  some  of  the  more  recent  two 
cycle  automobile  motors  rotary  valves  are  used  in  con- 
junction with  the  double  diameter  cylinders.  One  of 
the  earliest  motors  of  this  type  is  the  Legros,  made  in 
France,  which  is  illustrated  in  Fig.  297.  In  this  engine  there 
is  a  stationary  piston  A  inside  the  regular  working  piston  B, 
and  the  charge  is  compressed  between  the  stationary  and 
movable  piston  B,  The  stationary  piston  is  cast  with  a  pas- 
sage C  leading  to  the  distributing  valve  chamber.  This 
valve  D  establishes  communication  either  between  the  car- 
buretor and  the  passage  C  in  the  fixed  piston  or  between  the 
compression  chamber  E  and  the  passage  C.  Suppose  the 
movable  piston  to  start  from  the  top  end  of  the  stroke  under 
the  force  of  an  explosion.  As  it  approaches  the  bottom  end 
of  the  stroke  the  spent  gases  will  be  discharged  through  the 
exhaust  port,  and  a  moment  later  a  new  charge  will  enter 
the  working  cylinder  from  the  compression  chamber  E 
through  the  transfer  port.  During  the  following  up-stroke 
of  the  piston  the  new  charge  will  be  compressed  in  the 
working  cylinder.  At  the  same  time  the  space  between  the 
movable  and  stationary  pistons  is  in  communication  with  the 
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carburetor  through  the  rotary  valve  D,  and  a  charge  is  drawn 
into  this  space.  As  the  piston  reaches  the  upper  end  of  its 
stroke  the  rotarjr  valve  closes  the  passage  to  (he  carburetor 
4nd.  instead  places  the  passage  in  the  stationary  piston  in 
wnununication  with  the  compression  chamber  £  in  which 
he   charge   is   compressed    during  the   down-stroke    of   the 


Fic.  297.— Lecros  Two  Siboke  Motos. 

movable  piston.  From  this  compression  chamber,  as  already 
explained,  the  charge  passes  into  the  working  cylinder  upon 
the  opening  of  the  transfer  port  In  this  construction,  too, 
the  connection  of  the  connecting  rod  with  the  piston  does 
not  seem  to  be  entirely  satisfactory,  as  it  is  at  the  extreme 
lower  end  of  the  piston,  so  that  the  side  thrust  pressure  is 
very  unevenly  distributed. 
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In  the  Elmore  High  Duty  engine,  which  ij  best  known  in 
this  country,  a  rotary  valve  is  used  which  places  the  annu- 
lar compression  space  alternately  in  communication  with 
the  carburetor  and  the  transfer  port  oi  an  adjacent  cyliAder. 
Referring  to  Fig.  298,  the  incoming  gas  is  drawn  into  the 
annular  chamber  D  during  the  entire  downward  stroke  of  the 
piston.  The  Ras  passes  from  the  carburetor  through  the 
manifold  A  into  the  distributor  valve  E,  thence  through  the 
distriliutor  port  and  inlet  passage  C,  and  fills  the  annular 
chamber  D  around  the  piston  below  the  firing  chamber. 
During  the  following  up  stroke  of  the  piston  the  gas  in 
chamber  D  is  compressed  and  ia  forced  through  the  transfer 


Fla  298. — Elmore  High  Dutv,  Two  Stsoke  Moti». 

passage  into  the  distributor  valve,  which  has  now  changed 
its  position  to  admit  the  new  gas;  thence  it  flows  through 
transfer  port  F  into  the  combustion  chamber  of  the  adjacent 
cylinder. 

Horse  Power  Ontpot— As  in  the  case  of  four  stroke  mo- 
tors, it  is  impossible  to  give  a  satisfactory  formula  for  the 
output  of  two  stroke  motors.  As  a  rule,  the  two  stroke 
motor  ffives  its  maximum  output  at  a  lower  piston  speed 
than  the  four  stroke  motor,  and  its  mean  effective  pressure 
is  also  somewhat  less.  But  since  there  are  relatively  twice 
the  number  of  explosions  in  a  two  stroke  motor,  the  latter 
may  give  a  greater  power  output  for  the  same  cylinder 
dimensions.     A   two  cylinder,  three  port  4x5  inch  enfuw 
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tested  at  the  University  of  Michigan  gave  a  maximum  output 
of  13.5  horse  power  at  930  r.  p.  m.  £.  W.  Roberts,  in  a 
paper  read  before  the  mechanical  branch  of  the  Association 
of  Licensed  Automobile  Manufacturers  at  New  York  in 
July,  1908,  stated  that  he  had  obtained  20  horse  power  from 
a  two  cylinder  motor  of  these  dimensions.  From  s,  single 
cylinder  3>ix3^  three  port  engine  Dr.  Watson  obtained  a 
maximum  of  4^  horse  power  at  1,500  r.  p.  m.  The  power 
of  two  French  motors  is  given  in  the  following  paragraph. 

Tests  of  Two  Stroko  Motors— A  contest  for  two  stroke 
motors  was  conducted  by  the  Automobile  Club  of  France 
during  October  and  November,  1907.  Seven  different  mo- 
tors were  submitted  for  the  tests,  but  only  two  met  all  of 
the  conditions.  fThe  test  comprised  a  six  hour  run  at  full 
load,  a  three  hour  run  at  half  load,  and  a  three  hour  run  at 
no  load.  The  results  of  these  tests  are  of  considerable  in- 
terest, and  are  here  recapitulated. 

The  motor  which  secured  first  place  was  a  Tony  Huber- 
Peugeot  single  cylinder  of  no  mm.  bore  by  140  mm.  stroke. 
In  this  motor  the  charge  is  precompressed  between  the 
piston  and  a  sliding  plate  between  the  bottom  of  the  cylinder 
and  the  top  of  the  crank  case,  with  a  stuffing  box  bearing 
for  a  connecting  rod  to  slide  in.  The  charge  is  drawn  into 
this  compression  chamber  through  a  suction  operated  poppet 
valve  and  is  transferred  to  the  combustion  chamber  through 
a  transfer  passage  and  port  in  the  cylinder  wall  which  is 
opened  by  the  piston  toward  the  end  of  its  down  stroke. 

The  second  motor  was  the  Legros,  illustrated  in  Fig.  297. 
This  was  a  two  cylinder  motor  of  100  mm.  bore  and  lao  mm^ 
stroke.   The  lest  results  are  given  in  the  following  table: 

TWO  STROKE  MOTOR  TESTS. 

Motor.  Peugeot  Legroa. 

Number  of  cylinders i  a 

Cylinder  bore,   mm. *. .     no  too 

Picton   stroke,   mm 140  tJO 

FULL  LOAD  TESTS. 

ATcrtge  speed,  r.  p.  m 1*401.3  967. s 

Average  power,  h.  p k.86  ss.aj 

Total  consumption  in  gallons  per  hour i  .91  s* J9 

G>nsumptioB  in  pounds  per  hoise  power  hour 0.7s  t.oy 

Weight  of  motor,  pounds 163.4  360.8 

Weight  p.  h.  p.,  pounds is. 7  99.$ 
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HALF  LOAD  TESTS. 

Motor.                                                                       Peugeot.  Legroa. 

Average  speed,  r.  p.  m 1,427.6  921 . 2$ 

Average  power,  h.  p 6.40  5 •40 

Total  consumption  per  hour,  gallons x .  65  i .  53 

Consumption  per  horse  power  hour,  pounds x.49  1.6 

NO   LOAD  TESTS. 

Average  speed,  r.  p.  m 900  920 

Total  consumption   per  hour,   gallons x  .09  1.4s 

The  piston  speeds  at  maximum  output  were  1,300  feet  per 
minute  in  the  case  of  the  Peugeot,  and  930  feet  per  minute 
in  the  case  of  the  Legros  motor.  The  corresponding  products 
of  the  mean  effective  pressures  and  mechanical  efficiencies 
(v  P)  were  41.5  and  35  pounds  per  square  inch,  respectively. 

A  very  complete  series  of  tests  of  an  ordinaiy  two  stroke 
motor  was  made  by  Dr.  W.  Watson,  of  London,  and  re- 
ported by  him  in  a  paper  read  before  the  Institution  of 
Automobile  Engineers.  The  engine  was  a  single  cylinder 
one  with  a  bore  and  stroke  of  3^  inches  each.  It  employed 
crank  case  compression  and  was  of  the  three  port  type.  The 
crank  case  inlet  port  remained  open  during  82  degrees  of 
crank  travel,  the  transfer  port  during  97  degrees,  and  the 
exhaust  port  during  122  degrees.  This  engine  at  1,506  r.  p.  m. 
developed  4.16  brake  horse  power,  with  a  fuel  consumption 
of  0.76  pound  of  gasoline  per  indicated  horse  power-hour. 
The  mean  effective  pressure  at  1,500  r.  p.  m.  was  53  pounds 
per  square  inch.  At  900  r.  p.  m.  it  was  65  pounds  per  square 
inch.  The  ratio  of  air  to  gasoline  at  this  speed  was  12.13 
to  I,  and  17  per  cent,  of  the  charge  supplied  to  the  cylinder 
escaped  through  the  exhaust  valve.  The  loss  of  charge  was 
much  greater  at  low  speeds.  The  compression  in  this  motor 
was  between  62  and  65  pounds  per  square  inch  at  all  speeds. 

Air  Cooling — ^Air  cooling  undoubtedly  involves  greater  diffi- 
culties when  applied  to  a  two  stroke  motor  than  when 
applied  to  a  four  stroke  motor,  owing  to  the  fact  that  the 
interval  between  successive  explosions  is  so  much  shorter  in 
the  former.  Besides  this,  there  is  liability  of  trouble  from 
distortion  of  the  cylinders,  due  to  the  fact  that  the  exhaust 
side  will  get  hotter  than  the  inlet  side,  and  it  is  impossible 
to  so  distribute  the  cooling  effect  that  the  temperature  shall 
be  fairly  uniform  all  around  the  cylinder.  Notwithstanding 
these  difficulties,  the  problem  was  satisfactorily  solved,  as  is 
shown  by  the  fact  that  one  manufacturer,  the  Chase  Motor 
Truck  Co.,  of  Syracuse,  N.  Y.,  built  three-cylinder,  air  cooled, 
two    stroke    motors    for    automobile    work    for    several    years- 
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A  cross  sectional  view  of  one  of  these  motors  is  shown 
in  Fig.  299.  This  motor  is  of  the  three  port  type  and  has 
a  bore  and  stroke  of  4H  inches  each.  It  will  be  noticed 
that  the  cylinders  are  placed  a  considerable  distance  apart, 
evidently  to  miumize  the  cross  radiation  eSect  Both  the 
cylinder  and  the  cylinder  head  are  covered  with  high  cooling 


Fig.  299. — Chase  Ant  Cooled  Two  Stroke  Motm. 

flanges,  and  a  current  of  air  is  drawn  over  the  cylinders  bj 
means  of  a  flywheel  fan. 

.  Constmctional  Details — In  a  two  stroke  motor  it  ii  abso- 
lutely necessary  to  pin  the  piston  rings,  for  the  reason  that 
if  the- rings- were  free  and  should  turn  in  their  groove*  so 
the  cut  came  opposite  one  of  the  ports,  the  ring  would  be 
caught  by  the  edge  of  the  port  and  broEeo.     In  order  to 
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prevent  trouble  from  portions  of  the  ring  being  caught  in  the 
ports,  it  is  advisable  to  limit  each  section  of  the  port  to  an 
arc  of  35  degrees.  The  presence  of  the  ports  makes  the 
finishing  of  a  two  stroke  cylinder  a  particularly  delicate  job, 
and  grinding  is  by  far  the  best  finishing  method  If  crank 
case  compression  is  employed  some  care  must  be  given  in 
the  design  to  insuring  absolute  gas  tightness  at  all  points  of 
the  case.  The  separate  parts  of  the  case  are  put  together 
with  paper  gaskets  between,  which  are  glued  to  one  of  the 
parts  with  shellac  Some  manufacturers,  however,  prefer  to 
grind  the  abutting  surfaces  on  a  surface  plate,  and  thus  do 
away  with  the  necessity  of  packing  material,  which  is  always 
more  or  less  bothersome  when  repairs  become  necessary. 
This  method  is  particularly  applicable  where  the  crank  case 
is  made  in  halves  with  a  joint  in  the  horizontal  plane  through 
the  crankshaft  axis.  The  bolts  for  holding  the  two  parts 
together  and  for  securing  the  cylinders  to  the  crank  chamber 
should  be  placed  somewhat  closer  than  is  customary  in  four 
stroke  motors. 
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WATER  COOUNG 

The  heat  absorbed  by  the  Jacket  water  from  the  burning 
charge  must  be  transferred  to  the  atmosphere  as  quickly  as 
it  is  taken  up.  To  this  end  the  Jacket  water  is  circulated 
through  a  radiator  which  generally  is  located  forward  of  the 
engine,  where,  when  the  car  is  in  motion,  it  receives  the 
full  benefit  of  the  draft  created  by  that  motion,  but  which  in  a 
few  cases  is  located  back  of  the  engine  in  the  position  usually 
occupied  by  the  cowl,  the  advantage  of  this  latter  arrangement 
being  that  it  gives  better  access  to  the  engine.  The  cooling 
water  must  be  kept  in  constant  circulation.  This  circulation 
can  be  induced  either  by  means  of  a  pump  or  by  so  arranging 
the  circuit  that  the  expansion  of  the  water  by  the  heat  ab- 
sorbed in  the  Jacket  and  its  consequent  tendency  to  rise  causes 
it  to  drcHlate  with  sufficient  rapidity.  The  first  system,  known 
as  the  positive  or  pump  circulation  system,  is  in  most  exten- 
sive ttse»  and  on  large  cars  is  almost  universal.  The  other, 
known  as  the  natural  or  thermo-siphon  system  of  circulation, 
is,  however,  also  used  to  quite  an  extent,  particularly  on  the 
smaller  and  cheaper  cars.  Of  190  pleasure  car  modtis  on  the 
American  market  in  1916,  70  had  thermo-siphon  circulation 
and  the  rest  pump  circulation.  In  England,  according  to  the 
latest  tabulations,  thermo-siphon  circulation  is  ahead  of  pump 
circulation.  Besides  dispensing  with  the  pump,  and,  there- 
fore, obviating  the  troubles  caused  by  acddonts  to  the  latter, 
the  thermo-siphon  system  has  the  advantages  of  varying 
the  rate  of  circulation  in  proportion  to  the  temperature  of 
the  cylinder  wall  and  of  maintaining  circulation  for  a  consid- 
erable time  after  the  engine  has  been  stopped,  thereby  reduc- 
ing the  liability  of  the  radiator  to  freeze  in  cold  weather. 

Heat  Absorbed  by  Jacketw— According  to  numerous  tests 
the  proportion  of  the  total  heat  in  the  fuel  consumed  absorbed 
by  the  Jacket  water  at  fall  load  amounts  on  an  average  to 
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about  32  per  cent  in  the  case  of  poppet  valve  motors  of  the 
L  and  T  head  types.  The  thermal  efflclenc7  amounts  to  about 
20  per  cent,  hence  the  amount  of  heat  absorbed  by  the  jacket 
water  is  equal  to  about  160  per  cent  of  the  thermal  equivalent 
of  the  full  load  output  of  the  engine.  It  is  obvious  that  these 
figures  can  be  only  approximate,  because  both  the  thermal 
efiiciency  and  the  Jacket  losses  vary  with  details  of  design.  If 
the  engine  is  of  the  valve-in-the-head  type  and  has  a  nearly 
spherical  combustion  chamber,  the  jacket  losses  are  materially 
lower  than  if  the  engine  is  of  the  L  or  T  head  type,  and  espe- 
daily  if  in  the  latter  the  exhaust  manifold  is  cast  integral  with 
the  cylinder  block  and  water  cooled,  because — assuming  given 
cylinder  dimensions — ^the  area  of  wall  surface  exposed  to  the 
flame  and  hot  gases  is  much  smaller  in  the  former  case  than 
in  the  latter.  We  may  take  the  flgure  of  32  per  cent  as  rep- 
resenting the  average  full  load  jacket  loss  in  L  and  T  head 
motors  with  separate  exhaust  manifold,  and  use  a  somewhat 
higher  figure,  say  40  per  cent.,  where  the  exhaust  manifold 
is  water-cooled,  and  a  lower  one,  say  28  per  cent.,  in  the  case 
of  a  valve-in-the-head  motor  with  separate  exhaust  pipe.  In 
the  Knight  sleeve  valve  motor  the  percentage  of  jacket  loss 
is  only  about  26.  This  is  due  to  two  causes — ^that  the  com- 
bustion chamber  approaches  the  ideal  spherical  form  and  that 
the  cylindrical  portion  of  the  cylinder  wall  is  separated  from 
the  flame  by  two  sleeves.  These  latter,  of  course,  interpose 
some  resistance  to  the  flow  of  heat  from  the  flame  to  the  cylin- 
der wall,  but  it  is  mainly  the  oil  fllms  between  the  two 
sleeves  and  between  the  outer  sleeve  and  the  cylinder  wall  that 
retard  the  flow  of  heat 

Calculating  Jacket  Heat — ^In  calculating  the  amount  of  fuel 
consumed  we  may  either  start  with  the  maximum  horsepower 
developed  by  the  engine  and  allow  a  fuel  consumption  of  0.67 
lb.  per  horsepower-hour  (which  corresponds  to  a  thermal  efii- 
ciency of  20  per  cent.),  or  we  may  start  with  the  piston  dis- 
placement and  the  speed  of  maximum  output,  assuming  a 
volumetric  efficiency  of  70  per  cent,  for  that  speed  and  a  fuel 
mixture  ratio  of  16:1,  which  gives  substantially  the  same  re- 
sults. Thus  a  four-cylinder  3^  x  6-inch  motor  develeping  36 
h.p.  at  2000  r.p.m.  will  consume 

36  X  0.67  =  24.1  lbs. 
according  to  the  first  method  of  calculation,  or 
48.1  X  2  X  2000  X  0.7  X  0.08  X  60 

—  =  23.4  lbs. 

1728  X  16 
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aooordlng  to  the  second.  Figuring  on  a  consumption  of  24 
^bs.,  and  assuming  a  heat  value  of  19,000  B.  T.  U.  per  pound 
of  fuel»  and  that  32  per  cent  of  the  heat  goes  into  the  Jacket, 
the  amount  of  heat  absorbed  by  the  Jacket  water  per  minute  Is 

24  X  19,000  X  32 

=  2432  B.  T.  U. 

60  X  100 

There  are,  of  course,  variable  factors  in  the  operation  of 
every  engine  which  afTect  the  percentage  of  the  heat  going 
into  the  Jacket  water.  Thus,  for  instance,  late  ignition  and  a 
rich  mixture  both  cause  increased  heating.  Such  things,  how- 
ever, occur  in  the  operation  of  every  engine  and  must  be  al- 
lowed for  in  the  factor  of  safety.  It  is  also  possible  that  in 
an  engine  with  relatively  small  cylinders  the  proportional 
Jacket  loss  is  greater  than  in  an  engine  with  large  cylinders, 
since  the  combustion  chamber  wall  surface  per  unit  of  cylinder 
volume  is  greater  in  the  former,  but  experimental  data  at  hand 
does  not  clearly  indicate  this  dependency,  hence  we  may 
neglect  it 

Size  of  Water  Manifolds,  Pump  System. — The  inlet  and 
return  water  pipes  can  be  so  proportioned  that  3,600  B.  T.  U. 
are  disposed  of  per  minute  per  square  inch  of  pipe  cross 
section — for  pump  circulation  and*  pleasure  car  motors.  In 
low  speed  motors,  such  as  truck  motors,  where  the  pump  ac- 
tion is  apt  to  be  less  energetic,  it  is  better  to  count  on  only 
2,400  B.  T.  U.  per  minute  per  square  inch  of  section.  Making 
the  pipe  section  proportional  to  the  rate  of  heat  dissipation 
may  be  Justified  as  follows:  The  temperature  of  the  hot 
water  leaving  the  engine  is  limited  and  must  be  slightly  be- 
low the  boiling  point  Similarly,  the  temperature  of  the 
water  leaving  the  radiator  is  limited  downwardly,  for  it  must 
always  be  considerably  above  atmospheric  temperature.  Thus 
the  possible  temperature  range  is  the  same  for  all  cars.  But 
if  the  temperature  range  through  which  the  cooling  water 
passes  during  its  circulation  is  fixed,  then  the  heat  transfer 
is  directly  proportional  to  the  rate  of  circulation,  which  latter 
should  determine  the  pipe  size. 

Form  of  Water  Manifolds^ — ^When  not  all  the  cylinders  of 
the  engine  are  cast  in  a  single  block  the  difterent  water 
Jackets  are  connected  in  parallel.  The  water  manifold  is 
then  made  of  variable  cross  Wction,  so  that  at  each  point  the 
section  is  substantially  proportional  to  the  heat  to  be  trans- 
ferred. In  Fig.  300  is  shown  a  water  return  manifold  for  a  six- 
cylinder  engine.    To  the  ends  of  the  manifold  that  fasten  to 
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the  engine  are  braied  oval  flanges  drilled  for  cap  screws  an^ 
haying  their  oater  faces  turned  off  rough  so  as  to  better  hold 
the  gasket  To  the  pump  the  inlet  manifold  is  generally  also 
connected  by  a  flanged  Joint. 

In  the  four-cylinder  3H  x  6-inch  motor  aboTe  considered 
there  were  2432  B.  T.  U.  to  be  disposed  of  per  minute.  Hence 
the  cross  section  of  the  pipe  carrying  all  of  the  water  should  be 

2432 

Bs  0.676  square  inch 

3600 

and  this  is  substantially  the  cross  section  of  a  pipe  with  an 
internal  diameter  of  16/16  inch. 

Radiator  Types^— There  are  three  distinct  types  of  radia- 
tors, Yis.,  the  plain  tube  (either  flat  or  round),  the  gilled  tube 
and  the  cellular.  All  radiators  comprise  a  bottom  tank  and 
a  top  tank,  between  which  is  located  the  core  which  forms 
the  radiating  element    Historically,  the  earliest  type  of  radi- 


Fig  300.— Water  Return  Manifold  for  Six  Cyunder  Engine. 

ator  was  of  tubes  usually  about  %  inch  in  diameter,  oyer 
which  were  threaded  thin  metal  discs  or  gills  which  were 
sometimes  brought  into  intimate  metallic  contact  with  the  tube 
by  being  dipped  in  solder.  A  coil  of  such  pipe  was  used,  which 
was  connected  in  series  with  a  tank,  the  pump  and  the  water 
jackets.    This  construction  is  now  obsolete. 

The  cellular  radiator  came  next.  In  its  original  form  it 
consisted  of  a  multitude  of  small  round  tubes  about  four 
inches  long,  which  were  assembled  so  that  adjacent  tubes 
came  within  a  distance  of  about  1/16  inch  of  each  other  and 
the  interstices  at  the  ends  were  then  filled  with  solder.  In  a  radi- 
ator of  this  type  the  water  circulates  in  the  spaces  between 
tubes,  while  the  air  passes  throygh  the  tubes.  Square  tubes 
were  later  substituted  for  the  round  tubes,  by  which  the 
water  capacity  was  greatly  reduced.  At  first  the  tubes  were 
set  into  a  mesh  of  wire  for  spacing  and  then  soldered,  but  at 
present  the  tubes  are  expanded  at  the  ends  so  that  there  is  a 
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BmaU  space  between  adjacent  tubes  except  at  the  ends  v&en 
ther  are  placed  together.  Such  radiators  are  now  mad«  of 
round,  Bquare  and  hexasonal  tubes  (Fie.  301)  and  are  much 
used  abroad  on  hlEh-powered  cars  reaulring  a  radiator  of  great 
capacity  and  of  comparatlTslj  little  weight.  The  tubes  are 
made  of  ^  Inch  width,  or  thereabouts,  this  harlng  been  found 
to  give  the  lowest  weight  for  a  certain  cooling  capacity.  Ex- 
ceedingly thin  ntaterlal  Is  need,  osoally  less  than  0.01  Incb 
thick.  Hie  depth  of  a  radiator  or  Us  dimension  In  the  direc- 
tion ot  ear  length  Is  limited  by  the  fact  that  with  Increasing 


Fic.  301. — FOBMS  OF  Cellular  Radiatihi  Cores. 


depth  the  registance  to  the  passage  of  the  air  increases  and 
when  a  certain  depth  is  reached  the  increase  In  resistance  to 
the  air  Sow  counts  for  more  than  the  Increase  In  the  cooling 
surface.  Furthermore,  If  we  take  a  email  section  of  the  tube 
□ear  Its  rear  end,  not  so  much  beat  Is  transferred  there  per 
imlt  surface  as  near  the  front  of  the  tube,  because  the  air  In 
passing  through  the  tube  has  reached  a  higher  temperature,  so 
that  the  temperature  difference  betweeo  water  and  air  Is  lesa 
at  the  rear  than  at  the  frrait  of  the  radiator.  Increaalng  air 
resistance,  howeTer,  is  the  chief  limitation  of  the  depth. 
Capacity  of  Cellular  Radiators. — Cellular  radiators  are  eel- 
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dom  of  a  greater  depth  than  4  Inches.  The  smaller  elzea  are 
made  oalj  S  Inches  deep.  Such  radiators  contain  trom  10 
to  12  square  Inches  of  cooling  surface  per  cubic  inch  of  core 
volume,  tbougb  often  the  theoretical  figure  of  16  square  inches 
is  giTen  (a  quarter  Inch  square  tube  16  inches  long  has  a 
volume  of  one  cubic  Inch  and  has  an  outside  surface  area  of 
16  square  inches,  but  the  Inside  surface  area  la  considerably 
less  because  of  the  thickness  of  the  material  and  the  contrac- 
tion of  the  tube  at  the  water  spaces).  Six  square  inches  of 
cooling  surface  is  required  per  B.T.U.  to  be  disposed  of  per 
minute  (on  trucks,  eight,  on  account  of  the  less  energetic  air 


Fic.  302.— Miscellaneous  Radiatos  Constbuctioms. 

A.    UcCord    Dalta ;   B.    Loni   Deilin ;   C.    LlTlngttOD   Deslga ;    D.    CuuHsr 

circulation,  at  least  in  those  parts  of  the  radiator  not  swept 
by  the  fan).  Since  one  horsepower  equals  4S.6  B.T.U.  per 
minute  it  takes 

6  X  42.6  =  265, 
say,  260  square  inches  to  radiate  the  heat  equivalent  of  one 
horsepower.    If  the  thermal  efflclency  is  20  per  cent  and  the 
Jacket  loss  32  per  cent.,  then  the  Jacket  loss  la  1.5  times  the 
brake  horsepower  and 

1.6  X  260  —  400  square  inches 
of  radiating  surface  are  required  per  brake  horsepower  ol 
the  engine. 
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Cellular  Effect  Radiators. — The  true  cellular  radiator  is  very 
expensive  to  manufacture  and  it  also  is  rather  delicate,  as 
there  is  an  enormous  length  of  soldered  joints  in  it.  As  a 
result  there  have  been  developed  a  number  of  constructions 
which  give  the  same  appearance  as  the  true  cellular  cooler 
and  are  more  or  less  the  same  in  action,  but  are  cheaper  to 
manufacture  and  have  a  smaller  length  of  soldered  joints. 
Several  of  these  are  illustrated  in  Fig.  302.  In  some  of  them 
the  water  is  forced  to  take  a  zig-zag  path  in  flowing  from  the 
top  to  the  bottom  tank,  in  others  it  follows  a  straight  vertical 
path,  the  horizontal  members  of  the  radiator  being  indirect 
cooling  surfaces  or  else  forming  blind  water  passages. 

Only  non-corrosive  metals  are  used 
for  radiator  tubes  and  tanks  (with  the 
exception  of  the  cast  iron  tanks  of 
some  motor  trucks),  chiefly  copper  and 
brass.  Copper  is  generally  considered 
to  be  best  for  the  purpose,  because 
there  Is  less  chance  of  porosity  with 
it. 

Tubular  Radiators.— While  the  old 
gilled  tube  type  of  radiator  has  passed 
entirely  out  of  use,  a  construction  of 

tubes  with  crimped  spiral  flanges  (the     p         ^03 Long 

Long)  is  employed  for  commercial  ve-  Spiral  Tube 

hides.     The  crimped  spiral  flaAge  is 

not  nearly  as  easily  bent  or  deformed  as  the  ordinary  flat  gill 
or  flange,  even  though  the  latter  may  be  formed  with  a  circular 
corrugation  for  stiftness. 

•  Another  type  of  radiator  used  quite  extensively  for  pleasure 
cars  is  the  tube  and  plate  type.  It  is  assembled  of  small  ver- 
tical tubes  (about  %  inch)  in  transverse  and  longitudinal 
rows,  over  which  are  passed  plates  of  thin  sheet  metal,  which 
are  perforated  for  the  purpose.  In  the  fore  and  aft  direction 
the  spaces  between  tubes  are  made  about  equal  to  the  tube 
diameter,  while  the  spaces  between  tubes  in  the  transverse 
direction  are  made  several  times  this  dimension.  In  order  to 
give  a  more  flnished  appearance  to  the  radiator  the  front  edge 
of  the  plates  is  folded  over.  This  also  stiffens  the  most  ex- 
posed portion  of  the  plates  and  consequently  lessens  the  dan- 
ger of  disflguring  it 

Tube  and  plate  type  and  flanged  tube  type  radiators  require 
about  seven  square  inches  of  surface  to  dispose  of  one  B.  T.  U. 
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per   minute    (26%    more    on   trucks).      Both    sides    of    the 
flanges  and  plates  are  to  be  measured. 

Baffling  Plates. — ^In  the  great  majority  of  radiators  the 
water  enters  the  top  tank  at  the  middle  of  its  width  and  leaves 
the  bottom  tank  at  one  side — ^the  side  on  which  the  pump  is 
located.  If  no  special  provisions  were  made  to  prevent  it,  the 
water  would  undoubtedly  be  very  unevenly  distributed  over 
the  radiator,  most  of  it  flowing  down  the  passages  near  the 
middle.  However,  in  order  to  insure  that  the  radiator  operate 
to  its  highest  capacity,  there  should  be  a  uniform  distribution 
of  the  water  circulation  over  the  whole  width  of  the  radiator. 
To  this  end  a  baffle  plate  is  placed  in  the  top  tank,  which  de- 
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Fig.  304.— Tube  and  Plate  Construction. 


fleets  some  of  the  water  to  both  sides,  the  aim  in  the  design 
of  the  baffle  being,  of  course,  to  secure  even  distribution 
of  water  flow.  Both  tanks  must  extend  across  the  entire 
width  of  the  radiator  and  owing  to  the  fact  that  in  pleasure 
cars  the  top  outline  is  always  rounded  the  top  tank  generally 
has  an  irregular  shape.  An  overflow  pip^  passes  through  the 
wall  of  the  top  tank  at  the  rear  and  extends  down  the  rear  of 
the  radiator  near  one  side,  its  upper  end  abutting  inside  the 
flller  tube.  The  filler  tube  is  closed  by  a  brass  screw  cap,  which 
is  now  often  molded  in  some  composition  having  a  low  heat 
conductivity  and  having  its  gripping  edge  scalloped  so  as  to 
enable  one  to  get  a  firm  hold.    On  truck  radiators  hinged  caps 
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W*  Mnnetlmes  used.  A  fine  mes})  wire  strainer  is  placed  In 
tne  tiller  tube  to  keep  solid  matter,  which  might  play  havoc 
wiUi  the  pmnp  and  also  clog  vp  the  radiator,  out  of  the  cooling 
system. 

Pleasure  car  radiator  weigh  on  the  average  02  lb.  per  cu. 
in.  piston  displacement 

Truck  Radiator*. — Owing  to  the  seTere  strains  to  which  a , 
radiator  Is  subjected  on  a  Tehicle  fitted  with  solid  ruhber  tires 
Biteclal  forms  of  radiators  have  been  derelt^ied  for  track  work. 
Itoosed  tube  radiators  are  need  to  a  large  extent  In  this 
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Fig.  305.— TvPiCAi.  Pleasure  Cah  Radiator. 
earvloe.  The  ends  of  the  tubes  are  expanded  into  flanged 
headers  and  cast  tanks  are  bolted  to  these  headers  with  gas- 
kets between.  With  this  construction  about  the  cnlr  place. 
Miere  leaks  are  likely  to  occur  is  where  the  tabes  are  fitted 
litto  the  headers,  and  In  case  of  such  leaks  the  tank  can  be 
removed  and  the  leak  repaii'ed  Such  radiators  generally  have 
a  cushioned  i^npport  on  the  truck  frame  or  on  the  body.  In 
^ancc  a  small  plain  tube  radiator  for  commercial  vehicles 
has  been  developed,  known  as  the  Govdard-Mennesson.  It 
consists  ot  small  bore  round  copper  tubes  extending  between 
top  and  bottom  tanks  and  curved  around  a  central  cylindrical 
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HpBce  occupied  bj  a  c«iitrlfugal  tan.  Owlns  to  the  curvature 
of  Uift  tabes  there  Is  little  danger  of  leaks  developing  where 
thflr  enter  the  tanks.  Probably  the  centrifugal  fan  bIbo  1b 
Botnawhat  more  efficient  than  the  ordlnarj  helical  fan.  Radla- 
atora  ot  this  trpe  are  used  on  some  of  the  foreign  motor  tnuee 
In  service  in  New  Tork. 

Radiator  Mounting. — In  pleasure  car  practice  there  are  three 


Fig.  306.— Truck  Tubulak  Radiator  with  Cast  Tanks. 

different  methods  ot  mounting  the  radiator  on  the  car  frame. 
Of  these  probabljr  the  moat  common  la  the  stud  mounting 
(Fig.  30SA).  With  this  method  two  blocbe  of  brasB  are  soldered 
Inside  the  bottom  tank  and  drilled  and  tapped  for  screw 
EtudB.  The  radiator  Is  supported  on  a  cross  member  of  the 
frame,  which  mmnber  should  be  so  rigid  that  It  will  suffer 
very  little  distortion  when  the  car  travels  over  uneven  roads. 
Often  a  diannel  section  is  used  with  the  web  pla«»d  borlson- 
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tayr.  Between  the  radiator  and  the  Bupportlng  frame  mem- 
ber are  ulaced  oolt  pada.  about  24  Inchea  square,  and  the 
radiator  la  held  In  position  b?  nuta  screwed  over  the  atnds 
which  pass  through  holes  In  the  supporting  member. 

With  either  ot  the  two  other  mounting  methods  the  radiator 
Is  supported  on  the  frame  side  members.  One  method  makes 
use  of  brackets  (Pig.  308B)  and  the  other  ot  trunnions  (Fig. 


W 


Fig.  307.— Round  Foku  of  Rasutos  with  (Zeututugal  Fan. 


308C).  In  both  cases  It  Is  well  to  have  the  radiator  constructed 
with  a  separate  drawn  casing  of  sheet  steel,  from  which  th€> 
radiator  core  and  tanks  are  suspended.  All  strains  due  to 
wesTlns  ot  the  frame  then  come  on  the  casing.  This  method 
ol  building  the  radiator  with  a  separate  casing  also  has  advan- 
tages from  the  manufacturing  point  ot  view,  aa  It  permits  ot 
flnlshl&g  the  casing  by  enameling  and  baking  It  It  would  not 
be  possible  to  bake  the  case  with  the  core  owing  to  the  danger 
of  melting  the  solder. 
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In  addition  to  the  two  polntA  of  support  on  the  frmme  iha 
iittdlator  has  a  third  support  near  the  top.  To  the  back  ol  ttte 
ioD  tank  is  secured  a  brace  rod  anchorage,  from  whiqh  a  brace 
rod  runs  either  to  the  daab  or  to  the  engine.  Short  IcngthB  of 
rubber  hose  are  always  inserted  Id  the  pipe  connections  be- 
tween engine  and  radiator  to  take  up  any  slight  relatlTS  mo 
tions  and  protect  the  radiator  trom  engine  vlbratltn.  Some 
Shiropean  designers  place  the  radiator  on  a  bracket  cast  on 
tbe  engine  crank  case.  This  permits  of  using  rigid  pipe  ooc- 
oectioiu.  but  the  merit  of  the  scheme  from  the  standpoint  ot 
Its  efffioc  on  the  life  of  the  radiator  is  doubtful. 

Radiators  Behind  Engine. — This  arrangement  (Fig.  309)  wtis 
originated  by  the  Renault  firm  of  France  and  has  been  used 
br  BCTeral  other  manufacturers.  It  has  some  practical  ad- 
rantages,  but  it  hhrdly   can  be  said   that  it  Improves  tbe 


Fig.  30B.— Methods  of  Mounting  Pleasi^  Car  Radiat(»s. 


appearance  of  a  car.  With  no  radiator  In  fnmt  many  autnlpo- 
latlons  on  tbe  engine  can  be  effected  with  greater  freedom. 
The  position  of  tbe  radiator  is  favorafile  to  thenn04iph(n> 
drculation,  as  the  bottom  tank  is  practically  on  the  same 
lerel  with  the  bottom  of  tbe  cylinder  Jacket.  Probably  the 
greateet  advantage  over  the  front  radiator  Is  that  It  tends  to 
keep  the  engine  and  accessories  clean  by  drawing  dust  away 
from  them  Instead  of  blowing  it  onto  them.  Since  the  motion 
of  the  car  does  not  induce  any  air  drculation  In  a  rear  radia- 
tor the  latter  bas  to  be  made  much  larger  than  a  ttoat  radiatw 
Ur  the  ssrae  engine. 

The  Thsrme-Slphon  System^— In  tbermo^lphon  cooling  sys- 
tems, the  circulation  Is  due  to  the  fact  that  water  is  expanded 
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by  b«U,  and  therefore  a  unit  TOlnme  of  hot  water  weighs  less 
than  a  unit  volume  of  cold  water.     A  typical  thermo-sipbon 


Fig.  309— Renault  Rear  Radiatos  Constiuction. 


system  Is  Illustrated  In  Fig.  310.  When  the  engine  la  cold  the 
water  Is  In  equlUbrium  In  the  circuit  and  there  ts  no  drcula- 
tlM.    If  the  engine  la  then  started  up  the  water  In  the  cylln- 
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der  Jacket  becomes  heated  and  ezpanda.  Th«  two  ctdnmni  of 
water  represented  by  the  two  Hides  of  the  circuit  remain,  <a 
course,  of  equal  belght,  the  level  rtsing  equallj  In  both  sides, 
and  with  equal  height  bat  unequal  densltr  the  two  columns  no 
longer  balance  each  other.  As  a  consequencs,  the  heated 
WRter  Uom  the  Jacket  begins  to  rise  and  lU  place  In  the  Jacket 
la  taken  by  cold  water  from  the  bottom  of  the  radiator..  This, 
too,  la  heated  oo  coming  In  contact  with  the  hot  cylinder 
walls,  hence  It  also  rises,  making  way  tor  more  cold  water 
frran  the  radiator.  Circulation  may  be  said  to  be  due  to  the 
fact  that  the  average  temperature  of  the  water  In  the  column 
represented  by  the  Jacket  and  its  coonectlona  is  higher  than 


Ro.  310.— Typical  Thekmo-siphow  Cowjng  System. 

the  average  temperature  of  the  column  represented  by  the 
radiator,  and  hence  the  average  density  Is  less  In  the  jacket 
column  than  In  the  radiator  column.  The  rate^of  clrcnlatlon 
depends  upon  this  difference  In  the  average  densltlea.  The 
temperatures,  and  consequently  the  densities!  are  the  same  at 
the  tops  and  at  the  bottoms,  respectively,  of  the  two  columns. 
Through  the  radiator  there  Is  a  substantially  uniform  tempera- 
ture gradient  from  top  to  bottom,  which  fact  could  not  well  be 
altered  by  changes  In  design.  However,  the  average  density  of 
the  water  in  the  Jacket  column  ts  affected  br  the  relative 
height  of  the  Jacket  with  respect  to  the  radiator.  The  water 
retnm  pipe  Is  completely  filled  with  hot  water,  while  the 
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pipe  carrrlnE  the  water  from  the  radiator  to  the  Jackets  la 
filled  Tlth  cold  water.  Only  about  one-third  ol  the  height  of 
the  ccdumn  Is  taken  up  br  the  Jacket  and  the  other  two-thlrde 
are  taken  ap  by  the  water  pipes.  Therefore,  by  placing  the 
engine  low  relative  to  the  radiator  bo  that  the  water  Inlet 


-J 


Fig.  311.— Showing  Advantage  OP  Thermo-SIPHON  Coouno  WITH 
V-Type  Engine. 

plp«  has  only  a  email  riae,  or  no  rise  at  all,  and  the  water 
outlet  pipe  a  relatively  large  rise,  the  average  density  ta  the 
water  in  the  Jacket  column  can  be  decreased  and  thus  the 
difference  In  density  In  the  two  columns,  and,  consequently,  the 
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head  causing  circulation,  can  be  Increased.  It  is  one  of  the 
conditions  most  essential  to  success  with  thermo-siphon  cool- 
ing that  the  radiator  be  placed  relatively  high  with  respect 
to  the  cylinder  jackets.  From  Fig.  211  it  will  be  seen  that  a 
V-type  engine  lends  itself  particularly  well  to  cooling  by 
thermo-siphon  circulation.  In  this  cut  a  vertical  cylinder  and 
a  cylinder  making  an  angle  of  45  degrees  with  the  vertical 
are  drawn  in  so  that  their  crankshaft  axes  coincide,  and  it 
will  be  seen  that  the  bottom  of  the  jacket  is  considerably 
lower  in  the  V-type  engine  than  in  the  vertical  engine.  For 
the  same  reason  the  two  cylinder  opposed  horizontal  motor 
lends  itself  very  well  to  cooling  by  thermo-siphon  action. 

Size  of  Pipes  for  Thermo-Slphon  System^ — Even  under  the 
most  favorable  circumstances  the  circulation  producing  pres- 
sures are  exceedingly  small  (of  the  order  of  one-hundredth 
of  a  pound  per  square  inch  cross  section  of  the  column)  and 
it  is  therefore  necessary  to  make  the  resistance  of  the  cooling 
circuit  as  low  as  possible.  Radiators  with  very  fine  water 
passages,  like  the  true  cellular  type,  are  not  suitable  for  use 
in  connection  with  thermo-siphon  circulation.  The  pipes  must 
not  only  be  very  liberal  in  size  but  the  whole  circuit  must 
be  made  as  short  and  as  free  from  bends  as  possible.  The 
system,  therefore.  Is  not  so  applicable  to  a  six-cylinder  motor 
as  to  other  types  and  is  rarely  used  on  sixes.  For  the  cross- 
section  of  the  pipes  it  is  well  to  figure  on  a  heat  transfer  of 
600  B.  T.  U.  per  minute  per  square  inch  of  cross  section  at 
full  engine  load.  The  author  has  found  some  instances  where 
the  pipe  area  was  nearly  three  times  as  large  as  given  by  this 
rule,  but  it  seemed  that  these  enormous  pipes  were  made  neces- 
sary by  an  unduly  low  positioned  radiator. 

The  top  tank  of  a  radiator  for  thermo-siphon  circula- 
tion must  have  considerable  water  capacity,  for  the  water 
will,  of  course,  gradually  evaporate  and  if  the  water  level  in 
the  tank  falls  below  the  inlet  from  the  jacket,  then  circulaticm 
is  greatly  hampered  because  the  water  from  the  jacket  must 
be  virtually  raised  over  a  wall.  To  secure  this  large  water 
capacity  it  is  customary  to  extend  the  top  tank  backward 
beyond  the  width  of  the  radiator  proper. 
.  One  respect  in  which  thermo-siphon  circulation  differs  from 
pump  circulation  is  that  whereas  with  the  latter  when  the 
engine  is  shut  down  the  circulation  ceases,  with  the  former  it 
continues  until  the  engine  has  cooled  down  almost  to  normal 
temperature.  Thus,  if  a  car  with  pump  circulation  is  driven 
up  a  lonr  heavy  ^ade  and  the  engine  is  then  shut  off,  the 
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water  in  the  radiator  is  apt  to  start  boiling  and  steaming  tIo- 
lently.  This  is  due  to  the  fact  that  circulation  has  ceased  and 
the  water  in  the  Jacket  being  already  near  the  boiling  point, 
is  turned  into  steam  by  the  heat  in  the  cylinder  walls,  piston, 
etc.,  and  this  steam  escapes  through  the' radiator.  In  order 
to  prevent  excessive  loss  of  water  it  is  well  to  make  the  over- 
flow pipe  of  radiators  for  thermo«iphon  systems  compara- 
tively large. 


FANS 


If  a  radiator  had  to  dispose  of  all  the  surplus  heat  of 

the  engine  by  radiation — as  *  that  term  is  understood  in 
physical  science — ^it  would  have  to  be  of  enormous  size. 
The  process  by  which  the  transfer  of  the  heat  from  the 
cooling  surfaces  to  the  atmosphere  is  mainly  effected  Is  that 
of  convection.  That  is  to  say,  a  large  volume  of  air  is  drawn 
through  the  radiator,  which,  in  coming  in  contact  with  the 
radiator  surface,  takes  up  heat  that  has  been  conducted 
through  the  cooling  walls,  and  then  carries  it  away  with  it. 
At  high  car  speeds  a  great  deal  of  air  naturally  passes 
through  any  radiator  mounted  at  the  front  of  a  car,  but 
automobile  engines  scmietimes  work  under  considerable  load 
— and  oonsequei^tly  pass  much  heat  to  the  radiator — at  com- 
paratively low  car  speeds,  and  in  order  that  the  radiator 
may  be  able  to  dispose  of  the  heat  under  these  conditions 
a  fan  is  mounted  directly  behind  it  which  is  driven  from 
the  engine  and  draws  air  through  the  radiator. 

Types  of  Fans. — ^Radiator  fans  are  made  in  two  tsrpes, 
viz.,  fans  with  sheet  metal  (steel  or  aluminum)  blades 
riveted  to  a  malleable  iron  or  steel  center  or  hub,  and  cast 
aluminum  fans  in  a  single  piece.  The  latter  are  the  more 
recent  type  and  are  generally  based  on  aerial  propeller  de- 
sign. The  larger  sizes  of  fans  with  sheet  metal  blades 
sometimes  have  all  the  blades  pressed  from  a  single  sheet 
with  an  integral  rim,  as  shown  in  Fig.  312.  When  this  de- 
sign is  used  the  fan  generally  has  six  blades  whose  width 
increases  toward  the  rim,  so  that  the  amount  of  waste 
material  in  the  stamping  process  is  not  very  great  The  rim, 
of  course,  stiffens  the  outer  ends  of  the  blades  and  tends  to 
prevent  their  accidental  bending.  In  fans  with  four  blades 
separate  rims  are  sometimes  attached.  Large  blades  are 
often  stiffened  by  corrugations  pressed  in  the  blade,  as  shown 


484 


WATER  COOLING. 


In  Fig.  313.    This  permits  of  lighter  material  being  used  and 
of  reducing  the  arm  length  of  the  spider. 

Fans  cast  of  aluminum  are  seldom  made  with  plane  blades 
of  a  fixed  pitch  angle.  On  the  contrary^  the  elements  of  these 
blades  generally  form  helices  around  the  axis  of  the  fan. 
For  instance,  if  we  imagine  a  cylindrical  surface  of  a  diam- 
eter equal  to  the  outer  diameter  of  the  fftn,  and  co-axial  with 


Fig.  312. — Pressed  Steel  Fan  with  Integral  Rim. 


the  latter,  the  outer  edge  of  the  blade  will  form  a  part  of 
a  helix  on  that  surface.  The  distance  along  the  cylindrical 
surface  in  a  direction  parallel  with  the  axis  in  which  the 
helix  makes  a  complete  revolution  around  its  axis  is  known 
as  the  pitch  of  the  helix  or  the  blade.  In  a  helical  fan,  as 
we  pass  from  the  outer  edge  of  the  blade  inward  toward  the 
axis,  the  angle  of  the  blade  elements  increases  in  the  same 
measure  as  the  distance  from  the  axis  decreases,  so  that  the 
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Fia  313. — Fan  Blades  Stiffened  by  Corrugations. 


pitch  remains  the  same.  In  an  actual  fan  the  blades,  of 
course,  are  not  mere  surfaces,  but  have  considerable  thick- 
ness, and  the  curved  surface  above  defined  forms  the  central 
surface  of  the  blades.    Fig.  314  shows  a  two-blade  helical  fan. 

Theory  of  Fan  Action. — In  order  to  develop  equations  for 
the  air  delivery  and  power  consumption  of  fans  we  have  to 
go  to  some  extent  into  the  theory  of  fan  action.  It  is,  of 
course,  quite  impossible  to  accurately  calculate  the  air  which 
will  be  drawn  through  a  radiator  on  a  given  car,  as  this 
depends  not  only  upon  the  relative  "openness"  of  the  radiator 
behind  which  the  fan  is  mounted,  but  also  very  largely  upon 
the  freedom  with  which  the  air  drawn  in  through  the  radia^ 
tor  may  escape  from  the  engine  space.  The  fan  blows  the 
air  directly  against  the  engine,  generator,  carburetor,  exhaust 
pipe,  etc.    At  the  bottom  the  engine  space  is  enclosed  by 


Fig.  314.— Two-Blade  Propeller  Type  Fan. 
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the  muapan,  and  conBiderations  of  public  taste  generally  for^ 
bid  the  provlBion  of  louvres  In  the  bonnet  through  which  the 
air  might  escape.  A  great  many  cars  now  have  the  flywheel 
enclosed,  and  the  only  outlet  for  the  air,  then,  is  between 
the  flywheel  housing  and  the  pan,  which  Is  generally  of  much 
smaller  section  than  the  aggregate  air  space  In  the  radiator. 

What  the  formube  which  we  shall  develop  will  show  is 
the  air  delivered  by  the  fan,  and  the  power  represented  by 
the  air  movement  (the  fan  output)  under  ideal  conditions,  aa 
when  the  fan  Is  surrounded  by  a  short  tube  Just  a  trifle  larger 


Dire<ition  of  Motion. 

V 


Fig.  315. — ^Plane  Surface  Moving  Straight  Against  the  An. 


In  diameter  than  the  fan  Itself,  with  flaring  inlet  and  outlet 
to  avoid  eddies  as  far  as  possible.  On  a  car,  owing  to  the 
restricted  air  admission  to  the  engine  space  and  the  more  or 
less  obstructed  outlet,  there  will  be  a  certain  "slippage"  or 
loss  of  air  capacity,  which  in  well  worked  out  designs  should 
not,  however,  exceed  30  per  cent  Hie  equations  will  permit 
of  directly  comparing  fans  of  difterent  numbers  of  blades; 
diameter,  width,  form  and  inclination  of  blades,  as  to  air 
r.ellvery  and  power  consumption. 

It  may  here  be  pointed  out  that  one  of  the  most  common 
causes  of  improper  cooling  in  modem  cars  is  an  insofflcieat 
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area  of  air  outlet  from  the  bonnet  space.  As  the  speed  of 
the  air  at  the  most  restricted  passage  increases,  the  efficiency 
of  all  kinds  of  fans  becomes  more  nearly  alike.  In  fact,  the 
efficiency  of  the  whole  air  circulation  system  depends  to  a 
considerable  extent  upon  the  maximum  speed  which  the  air 
attains,  the  power  required  to  move  the  air  increasing  as  the 
cube  of  this  speed. 

Air  Resistance. — Consider  a  plane  of  a  square  feet  area  to  be 
moving  in  a  direction  normal  to  itself  at  a  speed  of  v  feet  per 
second.  Then  in  one  second  it  will  displace  a  v  cubic  feet  of  air. 
This  air  will  spill  over  the  edges  of  die  plane,  as  shown  in  Fig. 
315,  and  at  the  moment  will  have  a  velocity  v  in  the  direction  of 
motion  of  the  plane  and  the  same  velocity  in  a  direction  parallel 
to  the  plane.  The  resultant  of  these  velocities  is  forward  at  an 
angle  of  4^  degrees  to  the  direction  of  plane  motion,  and  the 
actual  maximum  velocity  of  the  air  is  equal  to  the  square  root  of 
the  sum  of  the  squares  of  its  component  velocities: 

By  reason  of  this  velocity,  the  air  has  stored  up  a  certain 
amount  of  kinetic  energy,  m  P^/2.  Designating  by  IV  the  weight 
of.  one  cubic  foot  of  air,  the  mass  of  air  displaced  per  second  is 

W  a  V 
m  = 

ff 
Therefore,  the  kinetic  energy  stored  up 

Wav       _           Waif 
E  = (^2  vy  = 


2g  g 

This  energy,  which  is  imparted  to  the  air  by  the  moving  surface, 
is  made  up  of  two  factors — the  distance  v  moved  by  the  surface 
and  the  resistance  R  encountered  by  it.    Hence 

W  a  t>» 

g              Wav* 
R  =« =  pounds 

»  i 

The  weight  of  one  cubic  foot  of  air  under  normal  atmospheric 
conditions  is  0.077  lb.,  and  the  acceleration  of  gravity  is  32.16. 
Hence 

W  I 


g  418 

and 

a  V* 

R  = lbs. 

418 

Normal  Resistance  to  Obliquely  Moving  Plane. — Now  let 
us  take  a  plane  surface  (Fig.  316)  moving  in  an  oblique  direc- 
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tion,  tbe  angle  between  the  surface  and  the  direction  of  mo- 
tion being  denoted  by  $.  We  will  use  the  same  designations 
for  the  area  and  speed  of  the  surface  as  In  the  previous 
case.  Then  since  the  surface  a  Is  Inclined  at  an  angle  $  It 
receives  only  as  much  air  as  a  perpendicular  surface  a  9in  $ 
would.  In  other  words,  the  speed  of  Impact  Is  only  v  Hn  0, 
and  substituting  this  for  the  speed  In  the  equation  for  the 
pressure  we  get  for  the  pressure  on  an  Inclined  plane  In  the 
direction  of  motion 

— iiJ~ 


n  = 


However,  the  full  reaction  between  the  plane  and  the  air  Is 
In  a  direction  perpendicular  to  the  plane^  and  the  reaction 


\  Direction  QfMoftan, 


Fig.  316. — Plane  Surface  Moving  Obliquely. 


in  the  plane  of  motion  is  only  a  component  of  the  fan  r^ 
action.    Referring  to  Fig.  316,  it  will  readily  be  seen  that  since 

R 


Rn        = 


%in  9 


the  normal  reaction  is 


Rn    = 


a  V*  «<n*  B 
418 


hin  B 


a  t;*  tiin  B 
ilT" 


This  expression  is  of  great  use  in  the  investigation  of  fans. 
It  Is  known  as  the  law  of  von  Loessl,  and  is  often  quoted 
in  connection  with  problems  relating  to  the  sustaining  force 
of  aeroplanes.  The  pressure  at  right  angles  to  the  direction 
of  motion  which  forms  the  other  component  of  the  normal 
pressure  may  be  seen  from  Fig.  316  to  be 
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We  found  above  that  when  a  surface  moyes  straight  on  against 
the  air  the  pressure  developed  is 


R  = 


418 


Here  v  may  be  regarded  as  the  speed  of  impact  between  the 
stationary  air  and  the  moving  plane.  Now  In  a  direction 
of  right  angles  to  the  direction  of  motion  the  plane  is  sta- 
tionary and  the  air  moves.  Let  the  speed  of  im^^ict  in  this 
direction,  1.  e.,  the  speed  of  the  air,  be  denoted  by  7.    Then 

a  V*       a  V*  8in  0  cos  e 


418 


418 


and  the  speed  of  the  air  in  the  direction  at  right  angles 
to  the  direction  of  motion  of  the  plane  is 


y  S3  i;  V  9in  0  cos  $ 


Fig.  317. — Diagram  of  Fan  Blade. 

We  may  now  apply  these  principles  to  the  case  of  a  fan. 
In  the  ordinary  radiator  fan  we  have  a  plane  blade  making 
a  certain  angle  with  the  plane  of  rotation.  Referring  to  Fig. 
317,  we  will  take  an  element  of  this  blade  of  radius  9,  the 
width  of  this  element  being  dx,  and  the  length  w  (the  width 
of  the  blade).  If  we  designate  the  speed  of  the  fan  in  revo- 
lutions per  minute  by  n  then  the  speed  of  this  element  is 
evidently 

V  ^  2  T  9  n  ft,  p.m., 
X  being  given  in  feet. 
Therefore,  the  speed  of  the  air  parallel  to  the  fan  axis  wlQ 
be 
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Z  w  9  ni^fin  0  cos  $  feet  per  minute, 
and  the  element  io  ito  of  the  ten  blade  idU  dellTer 

cl  y  a  2  IP  r  ny$in  $  cos  $  s  ds  ciMc  feet  per  minute. 

Now,  suppose  that  the  blades  are  of  constant  width  from 
the  outer  end,  whose  distance  from  the  axis  of  rotation 
Is  i2,  to  the  inner  end,  whose  distance  from  the  axis  of  rota- 
tion la  r.  We  then  get  the  Tolume  of  air  moved  by  the  whole 
blade  bgr  integrating  between  the  limits  R  and  r,  which  gives 

y  *=  10  «•  n  (iP  —  f*)    V  9in0  C09  9  cuWc  feet  per  minute. 

If  the  fan  has  N  blades,  then  the  total  volume  of  air  moved 
per  minute  is 

V^Niovn  (JP  —  f*)t^ein  $  cot  $  cu.  ft. 

ThiB  is  the  theoretical  delivery,  but  in  practice  there  is 
always  a  certain  slip  which  amounts  to  as  much  as  20  per 
cent  in  ftee  air,  and  proportionately  more  if  the  fan  must 
draw  and  deliver  the  air  through  restricted  passages,  as  is 
the  case  on  an  automobile,  and  this  proportion  must,  of 
course,  be  subtracted  from  the  theoretical  rate  of  delivery. 
It  will  be  observed  that  with  such  a  ftm  the  volume  of  air 
moved  per  minute  varies  directly  as  the  number  of  blades, 
the  speed,  the  width  of  blade  and  a  function  of  the  blade 
angle,  and  nearly  as  the  square  of  the  fan  diameter,  since 
the  inner  radius  is  usually  very  small  as  compared  with  the 
outer  radius. 

Owing  to  the  very  irregular  nature  of  the  passage  through 
which  the  air  is  forced  on  an  automobile  it  is  very  difficult 
to  calculate  the  volumetric  efficiency  or  the  proportioa  of 
actual  to  theoretical  air  delivery  of  a  fan  on  an  automobile. 
Rather  extensive  tests  of  fans  of  difterent  designs  were  pub- 
litdied  in  the  Hobsklxss  Aob  of  September  10,  1913.  The 
fans  were  mounted  in  a  box  behind  a  radiator  in  the  wall, 
and  to  the  box  was  secured  a  tapering  tube  in  three  sections 
BO  that  by  removing  sections  the  outlet  area  could  be  varied. 
Hie  writer  calculated  the  theoretical  air  capacity  of  five  of 
the  fans  tested,  and  plotted  the  ratio  of  actual  to  theoretical 
air  delivery  by  each  fan  for  each  of  the  three  outlet  openings, 
the  latter  being  expressed  as  a  fraction  or  multiple  of  the 
fan  area.  A  curve  drawn  through  the  points  thus  found 
shows  that  the  volumetric  efficiency  is  about  70  per  cent 
when  the  minimum  area  of  the  outlet  passage  is  equal  to  the 
area  of  the  fan;   62  per  cent  when  it  is  three-fourths  that 
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of  the  fan;  62  per  cent  when  it  is  half  that  of  the  fan,  and 
36  per  cent  when  it  ia  one-fourth  that  of  the  fan. 

Air  Delivery  of  Tapering  Blade  Fana-^A  good  many  fans 
haye  blades  whose  width  Increases  from  the  inner  end  out- 
wa^  In  that  case  the  width  at  a  radius  «  may  be  expressed 
by  me  equation 

a  being  given  in  fractions  of  a  foot  and  5  being  a  number 
denoting  the  Increase  in  width  per  foot  increase  in  distance 
from  the  axis.  If  we  substitute  this  value  of  io  In  the  equa- 
tion for  the  air  deiiyery  due  to  an  element  of  the  blade  we 
have 

d  y  as  2  r  n  /**n  $  co9  0  (o  -i-  hx)  9  to. 

Integrating  between  limits  It  and  r,  and  introducing  the 
number  of  blades  U,  we  get  for  the  air  deiiyery 

Y  ^ZHf  irn    V  9in  6  cot  $    [2^^  —  ^)  +    g  (^'  —  ♦*)  J 

cu.  ft.  p.m. 

l-leilcai  Blade  Fane — ^Fans  with  plane  blades  are  much 
used  because  of  the  ease  with  which  they  can  be  manufac- 
tured. It  is  at  once  apparent,  however,  that  such  fans  do  not 
produce  a  uniform  air  velocity  over  their  whole  surface. 
Since  the  speed  o£  the  blade  elements  increases  with  the  dis- 
tance from  the  axis  of  rotation,  the  speed  of  air  flow  in« 
creases  similarly,  and  if  the  width  of  the  blade  also  increases 
with  the  distance  from  the  axis  of  rotation  then  the  speed  of 
air  flow  will  vary  even  faster  than  the  distance  from  the 
axis  of  rotation.  In  other  words,  through  the  radiator  cells 
over  which  the  outer  portions  of  the  fan  blades  sweep  air 
will  be  drawn  with  great  velocity,  whereas  through  those 
cells  swept  by  the  inner  portions  of  the  blades  the  air  will 
be  drawn  at  much  less  velocity.  As  was  pointed  out  in  the 
discussion  of  radiators  the  air  should  preferably  be  drawn 
through  the  cells  uniformly  over  the  whole  area  of  the  ra- 
diator. This  is  desirable,  not  only  because — assuming  uni- 
form distribution  of  water  flow  in  the  radiator— it  insures 
the  maximum  cooling  action  from  a  given  quantity  of  air 
passed  per  minute,  but  also  because  a  given  quantity  of  air 
flowing  through  a  given  passage  per  minute  contains  less 
energy  if  the  speed  of  the  air  is  uniform  over  the  whole 
cross-section  than  if  it  is  non-uniform;  or,  in  other  words. 
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leas  power  ^as  to  be  expended  in  maintaining  that  air  flow. 
Therefore,  if  the  fan  is  cast  of  aluminum,  so  that  its  Uades 
can  readily  be  made  of  any  shape  desired,  they  are  generally 
made  of  helix  or  propeller  form.  Foreign  manufacturers  also 
make  sheet  metal  blades  of  this  fomi,  riyeting  them  to  ^im 
at  their  outer  ends.  ^ 

AlrDelivery  of  Helical  Fans. — ^In  the  helical  fan  we  have 
again  for  the  air  delivered  by  an  element  to  dr  of  the  fan 
blade 

dY  =  2  W  IT  n  i^  8in  $  cos  e  X  dx. 
In  this  case  the  angle  9  is  not  constant,  but  varies  with  x. 
We  can,  however,  get  a  very  good  approximation  to  the  actual 
air  delivery  by  dividing  the  fan  blade  into  annular  sections, 
say  one  inch  wide  radially,  assuming  that  the  angle  for  each 
section  is  constant  and  equal  to.  that  at  the  middle  of  the 
section,  then  applying  the  equation  for  the  air  delivery  of  a 
plane  blade  to  each  section  and  adding  the  results  obtained 
for  the  individual  sections.  If  the  width  of  the  blades  should 
not  be  constant,  then  the  mean  width  of  each  section  should  ' 
be  used  in  calculating  the  delivery  due  to  that  section.  The 
following  example  shows  the  application  of  this  method: 

Assume  a  two-bladed  fan  of  an  outside  diameter  of  18 
inches,  an  inside  diameter  of  4  inches,  a  width  of  blade  of 
4  inches  and  a  pitch  of  20  inches. 

Then  we  must  find  the  value  of  the  expression 

( JP  —  iJ*i)  /JuTTcon* 

for  each  of  seven  different  sections. 

Now 

P 

K4  »•  a:«  +  p« 
and 

2  TT  a? 

COS   $   c= 


y"  4  ft*  x^  -\-  p* 

Consequently 


,  -  /  2  v  X  p 

ysin  e  COS  e  =  V     ^  ^  ^  ^  p« 

where 

x^  —2— 
The  total  air  delivery  then  is 
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All  dimensions  must  be  given  in  feet    We  get  tlie  following 
values  for  the  difPerent  sections: 


IP^Rt 

9*  —  8' 
144 

^ 

0.117 

8*—  r 
144 

- 

0.104 

7»  —  6« 
144 

=: 

0.0902 

6*  —  5« 
144 

0.0764 

6"  —  4« 

144 

= 

0.0625 

4«  —  3* 
144 



0.0486 

3*  —  2« 

s=s 

0.0348 

^     4  ,r»  :r"  +  /►"     ^^       ^*  '^    4  iH  x^  +   p» 

0.572  0.0668 

0.600  0.0623 

0.628  0.0566 

0.660  0.0505 

0.686  0.0429 

0.706  0.0343 

0.713  0.0248 


Total 0.8381 

Therefore  at  2,800  r.p.m. 

y  =  2  X  0.333  X  3.14  X  2,800  X  0.838  ^  1,970  cu.  ft. 
The  middle  column  of  the  above  table  shows  the  relative 
density  of  the  air  flow  at  different  distances  from  the  axis 
of  rotation.  It  indicates  a  slight  increase  in  air  speed  toward 
the  axis  of  the  fan  and  proves  the  soundness  of  the  practice 
of  slightly  decreasing  the  width  toward  the  axis. 

Power  Absorbed  by  Fans. — ^We  found  above  that  the  com- 
ponent of  the  normal  pressure  on  an  obliquely  moving  plane 
in  the  direction  of  motion  is 

a  V*  ttin*  9 
418 
Therefore,  the  component  of  the  normal  pressure  in  the  di- 
rection of  motion  on  an  element  u?  dx  of  a  fan  blade  is 

x^  w  dx  aW  $ 


418 
The  velocity  of  the  element  is 


ll>9. 


w  X  n 
V  =   — 30 —  ft.  p.  S. 

Hence 

^  ~        900 
Substituting  this  value  of  v*  in  the  above  expression  for  the 
component  of  the  pressure  in  the  direction  of  motion,  we 
get 
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_        fr»  ap*  »*       to  (to  tin*  ^      w*  n'  10  Hn*  $  ^ 

^'^  T      900       ^  418         ""        876,200        •^  ^ 

me  moment  of  this  force  around  the  axis  of  rotation  is 
found  by  multiplying  botb  tides  of  the  equation  by  0. 

*****  ^  *****  ^  ^  ^ 
a?  dF  =  dJf  =  — J7e3o5 *^  ^• 

Integrating  between  limits  R  and  r  we  get  the  total  moment 
due  to  one  blade: 

^*  ■*       1,504,800       ^^  ""  '^'• 
If  there  are  N  blades  we  must  multiply  by  this  figure  to 

get  the  total  moment  for  the  whole  fan,  and  the  horsepower 

equivalent  of  the  output  is  then  found  by  multiplying  by 

2  irn,  and  diylding  by  33.000  — 

Nii»n*  u)  sin*  e  ^^ 

^'  ^'  —  25,000,000,000  ^^  ■"  ^'' 
The  input  in  horsepower  is,  of  course,  somewhat  greater. 

because  there  Is  frictional  loss  at  the  bearings  and,  besides, 

the  fan  blades  do  not  consist  of  mere  surfaces,  but  of  plates 

of  some  thickness  whose  forward  edges  stir  up  the  air  and 

thereby  create  a  loss.    Hie  above  equation  also  assumes  that 

the  fan  is  working  in  free  air.    This  is  not  the  case  in  an 

automobile,  as  both  the  inlet  and  outlet  are  more  or  less 

restricted — ^the  inlet  by  the  radiator,  and  the  outlet  by  the 

limited  area  of  the  opening  through  which  the  air  must  leave 

the  engine  space.    Restriction  of  the  inlet  and  restriction  of 

the  outlet  have  opposite  effects  on  the  power  absorbed,  and 

may  therefore  neutralize  each  other.    Restriction  of  the  Inlet 

causes  the  fan  to  revolve  in  a  partial  vacuum,  and  reduces 

the  power  consumption,  while  restriction  of  the  outlet  causes 

an  over-pressure  in  the  space  around  the  fan,  and  increases 

the  power  consumption 

In  a  fan  with  plane  blades  of  tapering  width  in  which 

to  ^  a  -j-  bx 
the  torque  moment  due  to  an  element  of  the  fan  blade  is 

ir*  fl'  sin*  $ 
^^  ^       376,200      («  «•  d«  +  »  «*  d«) 

and  the  horsepower  consumed  is 

N  It*  n*  sin*  B  fa   .  & 


H.  P.  = 


[5-  (K*  -  »-)  +1-  (B»  -  r*)  J 


6,200,000.000 

In  these  equations  the  dimensions  R,  r  and  a  must  be 
inserted  in  terms  of  the  foot. 

Power  Absorbed  by  Helical  Fans. — ^If  we  take  an  element 
ID  <to  of  a  helical  fan  blade  the  torsional  moment  due  to  this 
element  is  again 
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v*  n*  to  Hn*  $ 
dM  « 

In  tbii  ease 


*^  "=  — Stwoo — ^  ^• 


p 


^^4  »»  r»  +  p« 
and 

•*''*  ^  =  4  »*  r»  +  P*. 
Inserting  this  Talue  in  tbe  above  equation,  we  get 

*^  ~      876,200     ^   "TFinrPT 
which  may  be  simplified  to  read 

fi'  10  p'  fl^  (l# 

*^  ""  1,504,800   ^    "  F" 

The  moment  dne  to  the  whole  blade-  is  then  fonnd  by  inte- 
grating this  expression.  It  will  be  observed  that  the  variable 
»  occurs  only  in  the  last  part  of  the  expression,  and  the 
first  part,  containing  only  factors  which  may  be  considered 
constant,  in  so  far  as  they  are  not  dependent  on  c,  will  be 
neglected  for  the  moment  For  the  purpose  of  integration 
we  write  the  last  part  of  the  expression  in  the  following 
form: — 

/    .  ^     P* «        P*«\  ^ 


P 

4 


^^■j^  g-+-5-jr 


If  now  we  introduce  the  limits  R  and  r,  we  get 


% 


fie*  —  f*  — 


p«  ^  +  4?1 


The  moment  for  one  blade,  therefore,  is 

n«  to  p«  r  ,         .         P"  ^  "^  T7^ 

^*  "=  3,009,600  I ^    ■"  ^  ""r?"^^^*";  Fj 
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Introducing  the  number  of  blades  N,  multiplying  by  2  t  n, 
and  dividing  by  33,000,  we  get  the  horsepower  equivalent  of 
the  output  of  the  fan — 


H,P.= 


49,660,000,000 


^  + 


R'  —  r'  — 


4^ 


log 


Alt 


r*  + 


^ 


which  must  be  divided  by  the  efficiency  factor  to  get  the 
power  input.  It  appears  from  some  fan  tests  of  which  the 
writer  has  the  data  that  an  efficiency  of  75  per  cent  can  be 
figured  on.  In  the  above  equation,  as  in  all  others  in  this 
section,  all  linear  dimensions  must  be  in  feet.  The  natural 
logarithm;  which  occurs  in  the  equation,  is  found  by  multi- 
plying the  ordinary  logarithm  by  2.303. 


JO       ^       Ji^        a? 
Inclination  of  3t4rfacej  Cl>tgre€^) 

Fig.   318. — Pressure  on  Concave  Surface  Moving  Obliquely 
Through  the  Air  (Lilienthal's  Experiments) 

Concave  Blades. — It  was  discovered  by  Lilienthal,  one  of 
the  pioneer  experimenters  in  the  field  of  flight,  that  the  air 
pressure  on  a  surface  which  is  inclined  to  the  plane  of  mo- 
tion is  greatly  increased  by  making  that  surface  concave 
on  the  side  which  repulses  the  air.  The  gain  is  especially 
great  if  the  angle  of  the  surface  with  the  plane  of  motion 
is  small.  The  surfaces  investigated  by  Lilienthal  had  a  sec- 
tion in  the  form  of  a  circular  arc,  and  are  defined  by  the 
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ratio  of  the  height  A  to  the  length  •  of  the  chord.  LdUen- 
thai  Inyestigated  surfaces  of  three  degrees  of  concavity — ^1:12, 
1:25  and  1:40.  In  the  case  of  the  concayed  surfaces  the 
angle  is  that  between  the  chord  of  this  surface  and  the  plane 
of  rotation.  It  is  a  rather  peculiar  fact  that  n^ith  the  degree 
of  concavity  1:12  there  is  no  appreciable  variation  in  the 
air  pressure,  and  hence  in  the  air  delivery,  for  angles  of  20 
to  45  degrees,  and  with  surfaces  of  smaller  concavity  the 
variaUon  in  the  air  delivery,  if  the  angle  is  changed  from 
one  of  these  extremes  to  the  other,  is  also  much  less  than 


4S 


40 


JS 


JO        zs       to        ts       fO 
Inclination  qfSujfsLCes  (jDe^recs). 


Fig.  319.— Diagbam  Showing  Increase  in  Air  Delivery  Due  to 

Concaving  Fan  Blades. 


in  the  case  of  plane  surfaces.  In  the  experiments  which  led 
to  the  results  recorded  in  Fig.  318  the  surfaces  were  moved 
in  a  circular  path  of  23  feet  diameter,  at  speeds  up  to  2,400 
ft.  p.m.  All  of  the  surfaces  used  had  the  same  form,  and  an 
equal  area  of  5.88  sq.  ft  Idlienthal's  experiments  proved 
further  that  for  degrees  of  concavity  greater  than  1:12  the 
air  delivery  decreases  again.  It  also  appears  from  his  experi- 
ments that  at  higher  speeds  than  2,400  ft  pjn.  the  beet  con- 
cavity is  less  than  1:12,  and  that  for  each  speed  there  is  a 
corresponding  optimum  concavity. 


498  WATER  COOLING. 

The  tests  made  and  the  results  recorded  bear  on  the  tnll 
pressure  against  the  surface.  Except  for  very  small  angles 
of  inclination,  the  direction  of  this  pressure  is  substantially 
perpendicular  to  the  chord.  If  this  pressure  is  multiplied 
in  a  certain  ratio  its  ccHnponents  in  the  plane  of  motion  and 
at  right  angles  to  this  plane  are  multiplied  in  the  same  ratio. 
This  means  that  the  power  consumed  increasep  in  proportion 
to  the  normal  pressure,  and  the  thrust  at  right  angles  to 
the  plane  of  motion  the  same.  Hie  latter  is  proportional  to 
the  square  of  the  air  delivery.  Hence  the  air  delivery  will 
be  increased  by  concaving  the  blade,  in  a  ratio  which  is  equal 
to  the  square  root  of  the  ratio  in  which  the  normal  pressure 
is  increased.  Curves  showing  the  proportional  increase  in 
air  delivery,  due  to  various  degrees  of  concaving  with  dif- 
ferent blade  angles,  which  were  derived  from  the  Ldlienthol 
curves,  are  shown  in  Fig.  319.  Concaving  the  blades,  how- 
ever, has  another  advantage  besides  making  it  possible  to 
obtain  a  greater  air  delivery  from  a  fan  of  given  blade  di- 
mensions, number  of  blades  and  speed  of  revolution.  It 
insures  a  higher  efficiency;  that  is,  less  power  consumption 
for  a  given  air  delivery. 

7t  will  have  been  noticed  that  with  each  form  of  blade 
the  air  delivery  is  directly  proportional  to  the  speed.  On 
the  other  hand,  the  power  consumed  increases  as  the  cube 
of  the  speed.  Thus,  for  instance,  if  we  double  the  speed  of 
the  fan  we  get  twice  as  much  air  per  minute,  but  the  power 
oonsumption  will  be  eight  times  as  great.  Now,  by  concav- 
ing the  blades  of  a  fan  we  can  increase  the  delivery  of  that 
fan  in  a  certain  ratio,  which  we  will  designate  by  r.  Then 
the  power  consumption  of  that  fan  will  also  increase  in  the 
ratio  r.  However,  if  only  the  original  air  delivery  is  re- 
quired, then,  if  we  designate  the  speed  at  which  the  straight- 
bladed  fan  gives  this  delivery  by  v.  the  concave-blade  fim  to 

V 

give  the  same  delivery  needs  to  run  only  at  a  speed  —  .     If 

r. 

we  designate  the  power  consumed  by  the  straigfat-bladed  fan 

by  P,  then  that  consumed  by  the  concave-bladed  fan  at  the 

same  speed  is  P  r,  and  for  the  same  air  delivery  as  that  of 

the  straight-blade  fan  ^is  fan  will  consume 

PrX    ;f  =p; 

which  is  less  than  P,  since  r  is  greater  than  unity.     This 
proves  the  greater  efficiency  of  the  concave  blades. 
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Fan  Capacity  Required^ — Since  at  high  speed  the  motion  of 
the  car  inducee  sufficient  air  circulation  to  abstract  from  the 
radiator  all  the  heat  that  enters  it,  it  is  obvious  that  the  fan 
capacity  per  engine  horsepower  or  per  B.  T.  U.  to  be  disposed 
of  need  not  be  as  great  in  a  high  speed  car  as  in  a  low  speed 
one.  Data  of  the  fan  equipment  of  five  different  Tehicles,  all 
of  well-known  make,  ranging  from  a  6-ton  truck  to  a  70-mile- 
per-hour  touring  car,  when  averaged  shows  the  following  the- 
oretical air  capacities  per  B.  T.  XT.  to  be  disposed  of  in  the 
radiator  at  full  engine  load  for  different  classes  of  vehicles: 

Cub.  Feet  of  Air  Per 

Maximum  Vehicle  Speed.  B.  T.  U.  entering  Radiator 

15  m.p.h.  1.6 

30  m.p.h.  1.26 

46  m.p.h.  1. 

60  m.p.h.  0.76 

70  m.p.h.  0.6 

If  the  engine  is  of  the  ordinary  L  or  T  head  type  the  B.  T.  XT. 
to  be  disposed  of  may  be  quickly  found  by  multiplying  the 
maximum  brake  horsepower  by  68,  and  by  multiplying  the 
product  thus  obtained  by  the  fan  capacity  factor  corresponding 
to  the  maximum  speed  of  the  vehicle,  taken  from  the  above 
table,  we  have  the  necessaxy  theoretical  air  capacity  of  the 
fan  In  cubic  feet  per  minute  at  the  speed  corresponding  to 
the  engine  speed  of  maximum  output. 

In  choosing  the  diameter  of  the  fan  the  point  must  not 
be  lost  sight  of  that  if  the  fan  is  located  directly  back  of  the 
radiator,  only  that  portion  directly  covered  by  the  fan  sweep 
will  benefit  by  it,  hence,  the  diameter  should  be  such  that  its 
sweep  will  cover  nearly  the  whole  of  the  radiator.  However, 
the  diameter  must  also  not  be  too  large,  because  of  the  great 
inertia  force  of  such  a  fan.  It  appears  that  20  inches  is  con- 
sidered the  maximum  diameter  and  in  small  cars  fans  only  18 
inches  in  diameter  are  used.  It  seems  reasonable  to  increase 
the  diameter  with  the  air  capacity  required.  In  big  trucks 
and  powerful  touring  cars  on  which  20-lnch  fans  are  used  the 
air  capacity  is  between  4000  and  4600  cubic  feet  per  minute, 
and  on  small,  low-powered  cars  employing  13  and  14-inch 
fans  the  required  air  capacity  is  only  about  1600  cubic  feet 
per  minute.  These  figures  permit  of  a  suitable  choice  to  be 
made  for  any  case. 

As  between  a  fan  of  smaller  diameter  covering  only  a  rela- 
tively small  fraction  of  the  radiator  surface  and  a  larger  tan 
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ruonlng  at  somewhat  lower  speed,  tha  adrantage  Ilea  undoubt- 
edly  with  the  latter.  In  flat-bladed  fans  the  angle  ot  the 
blade  with  the  plane  of  rotation  oanallr  lies  Detween  20  and  St 
degrees.  If  the  diameter  and  angle  of  blade  have  been  deter- 
mined  upon  tha  other  tactore  can  be  settled  by  an  ^plloatloa 
of  the  eqoatifms  for  fan  capacity. 

Details  of  Design, — A  detail  improTemont  that  has  bean 
made  to  sheet  metal  blade  fans  with  tapering  bl^es  conslsta 
in  setting  the  forward  edge  of  the  blades  parallel  to  th* 
plane  of  rotation,  which  pannlta  of  placing  tha  fan  closer  to 
tha  radiator.  Sometimes  a  atrip  at  the  forward  edge  of  ti>a 
Made  Is  bent  bo  as  to  lie  in  the  plane  Of  rotation.    Concevs 


Fv.  320.— Fan  Mounting  with  Cup  and  Cone  Bhabjngs. 

iiAeet  metal  blades  have  Iteen  need  to  somtj  extent  Concavlsti 
'.s,  of  course,  also  applicable  to  the  blades  of  cast  alnmlnotc 
fans.  In  the  case  of  the  latter  the  concavity  is  decreaseft 
toward  the  axla  ao  as  not  to  Interfere  with  the  molding  anQ 
also  because  with  the  large  pitch  angles  near  the  hal>  concaving' 
would  be  of  little  beueflt.    ' 

Fan  Mountlnga. — Usually  the  fan  centre  constitutes  the 
hub  in  which  the  bearings  are  fitted  and  which  revolTes  on  a 
shaft  extending  from  a  bracbet  secured  either  to  tne  cylinder 
block  oi*  the  com  gear  housing,  but  In  some  cases  the  fan 
centre  is  secured  to  a  shaft  which  revolTea  incide  a  bearlnc 
formed  Integral  with  the  bracket.    Formerly,  some  designer? 
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-upported  tbe  fan  from  the  radiator,  but  thlb  method  was 
coond  nndeeirable  and  wa£  given  up.  Ball  bearings  are  geo- 
irall;  used  In  the  hub  of  the  fan,  either  of  the  cup  and  cone, 
or  of  the  annular  type,  the  former  being  mainly  used  in  the 
United  States,  the  latter  In  Curope.  Fans  with  plain  bearings 
Kre,  howerer.  also  used  to  some  extent,  There  Is  a  very  con- 
alderable  forward  thrust  on  the  fan  and  this  must  be  taken 
car e  of  in  some  suitable  way  If  plain  bearings  are  used.  Pig. 
320  shows  a  typical  fan  mounting.  Fan  hub  and  pulley  are  cast 
Integral  In  accordance  with  common  practice.  The  hub  Ic 
formed  with  two  Internal  flanges,  against  which  the  cups  o< 
the  cup  and  cone  bearings  abut    Tbe  cone  ol  the  rear  bear 


Fic.  321.— Fan  Mounting  with  Radial  Ball  Bearings. 

ing  is  pressed  over  the  shaft  against  a  shoulder  on  the  latter 
and  the  oone  of  the  forward  bearing  Is  adjusted  in  position 
by  means  of  a  nut  on  the  end  of  the  threaded  shaft,  which 
ts  provided  with  suitable  locking  means.  The  forward  end  of 
tbe  hub  is  always  closed,  either  by  a  metal  cap  or  by  a  felt 
washer  and  ring,  so  that  none  of  the  dust  drawn  In  through 
the  radiator  can  get  into  the  bearings. 

A  fan  hub  and  pulley  design  employing  annular  ball  bearings 
is  shown  In  Fig.  321.  In  this  an  attempt  Is  made  to  reduce  the 
central  dead  area  of  the  fan  to  a  minimum  by  reducing  the 
llameter  of  the  huh  toward  the  front.  Both  of  the  inner  ball 
■aces  are  fixed  on  the  shaft  longitudinally  by  a  spacer  and 
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clamp  nut,  but  only  the  rear  one  of  tbe  outer  racee  ia  fixed 
In  position,  and  tblB  bearing,  therefore,  takes  all  the  thrust 
load.  The  pulley  ie  flanged,  as  In  conunon  practice.  Thle  fan 
is  of  cast  aluminum  and  blades,  hub  and  puller  are  a  single 
casting.  In  other  designs  of  cast  fane  the  fan  proper  Is  cast 
separately  and  bolted  to  the  end  of  the  combined  hub  and 
pulley. 

A  design  of  fan  mounting  in  which  the  shaft  revolTes  and 
the  bearing  Is  stationary  la  shown  In  Fig.  3^2.  The  bracket  may 
be  bolted  down  to  the  cylinder  head,  and  by  proTldlng  It  with 
oblong  alote  tor  the  bolts  to  pass  through.  It  can  be  moved 
Bideways  for  belt  tension  ad]uatm«it  If  the  drive  is  from  the 
camshaft  or  magneto  shaft.    From  the  standpoint  of  bearing 


Fig.  322,— Fan  Mounting  v 


loads  this  design,  of  course.  Is  much  less  advantageous  than 
either  of  the  preceding  ones  In  which  tbe  pulley  Is  located 
between  the  two  bearings. 

Fan  Drives. — On  most  cars  the  fan  is  driven  by  belt.  There 
are  generally  three  shafts,  to  any  one  of  whli^  the  driving 
pulley  may  be  secured — the  crankshaft,  the  camshaft  and  the 
m^neto  or  generator.drlTlng  shaft.  An  objection  to  ptadng 
the  pulley  on  the  crankshaft  la  what  might  be  called  a  tradi- 
tional one.    In  power  tt«usmissIon  on  a  large  scale  belts  are 
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never  arraagea  vertically,  because  In  a  vertical  drive  the 
weight  of  the  belt  tends  to  reduce  the  friction  between  the 
belt  and  the  lower  pulley.  The  wetght  of  the  belts  often  used 
In  power  plants  is  such 
that  It  Klone  will  give  auf- 
flcient  grip  on  the  pulley 
and  the  belt  may  be  nm 
comparatively  loose.  Hov- 
ever,  the  weight  of  a  belt 
of  the  size  required  for 
fan  driving  is  Inslgnlflcant, 
as  compared  with  thepres- 
aure  with  which  the  belt 
mnet  be  applied  to  the  pul- 
ley, and  the  objection  men- 
tioned therefore  is  void  In 
thla  case.  It  Is  rather  sel- 
dom that  the  driving  pul- 
ley Is  secured  to  the  cam- 
shaft, because  the  tan  gen- 
erally rune  at  about  three 
times  the  speed  of  the  cam- 
shaft and  a  very  large 
driving  pulley  would  be  re- 
quired on  this  shaft,  as  the 
diameter  of  the  driven  pul- 
ley Is  determined  by  tba 
power  to  be  transmitted. 
The  favorite  location  of  the 
tan  driving  pulley  la  on 
the  magneto  or  generator 
driving  shaft,  which.  In 
most  cases,  turns  at  crank- 
shaft speed,  hence  requires 
only  a  small  and  light 
puUtT- 

Beit  Drive  Practice. — In  designing  the  belt  drive  a  maximum 
pull  <rf  30  lbs.  p.  In.  In  width  may  be  aUowed  in  the  belt.  This 
Is  the  difference  between  the  tensions  in  the  slack  and  taut 
eidee  of  the  belt  and  Is  equal  to  the  tangential  force  at  the 
circumference  of  the  pulley.  Belt  widths  have  been  stand- 
ardlsed  by  the  Society  of  Automobile  Gngtneers,  the  standard 
dimensions  being  as  follows: 


_ \ 

o 


Fig.  323.— V-Belt  DwvE  (Winton). 
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Nom.  width   ^i"  1"  1%"  !%• 

Limits  of  Width H— M        H— 1 A       1  A— 1 A       Itt— Hi 

Limits  of  PuUey  Ftce 0.87—0.88     l.li— 1.13      1.37—1.88      L§8— 1.^ 

Belt  speeds  yair  a  great  deal,  from  as  low  as  1200  feet  per 
minute  on  some  motor  trucks  to  as  high  as  5000  feet  per  minute 
an  some  of  the  newer  pleasure  cars  with  high  speed  motors, 
but  in  the  majority  of  pleasure  cars  the  belt  speed  ranges  be* 
tween  2,000  and  3,000  feet,  per  minute,  based  on  the  speed  o£ 
maximum  output  of  the  engine. 

Trapezoidal  or  V  belts  are  used  by  several  manufacturers. 
The  angle  included  between  two  sides  of  the  belt  varies  be* 
tween  38  and  60  degrees.  With  such  a  belt  a  greater  degree  at 
adherence  between  belt  and  pulley  is  obtained  with  a  certaic 
bearing  pressure,  but  undoubtedly  for  loads  within  the  e^ 


Fig.  324, — Belt  Adjusted  by  Swinging  Arm  Shaft  SuppoRf 

pacity  of  the  flat  belt  there  is  a  greater  loss  with  the  V  bsu^. 
due  to  friction  of  the  belt  on  the  sides  of  the  V  groove  and  %£ 
extra  work  done  in  bending  the  thicker  belt  to  the  radius  a§ 
the  pulley.  Several  designs  of  sectional  V  belts  are  made,  ic 
which  the  leather  is  not  subjected  to  severe  bending  stresses 
every  time  it  passes  over  the  pulleys. 

Whenever  belt  drive  is  used  provision  must  be  made  to  take 
up  any  slack  in  the  belt  This  is  generally  accomplished  by 
means  of  a  swinging  supporting  arm  or  an  eccentric  devica 
The  former  method  is  illustrated  in  Fig.  324  and  the  latter  in 
Fig.  325.    Where  the  fan  stud  is  supported  by  a  bracket  secured 
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to  Ui6  cam  sear  honalag  the  latter  can  be  prorlded  with  verti- 
cal Blots  so  that  the  stnd  can  be  shitted  verUcallr^.  Means  for 
lubricatlos  the  tut  beatings  must  also  be  provided. 

Positive  Drives. — Some  designers  prefer  the  gear  or  silent 
chain  drive  to  the  belt  drive,  as  the  former  require  very  little 
attentlcMi  In  use.  Positive  drives  seem  to  be  especially  09- 
pllcable  to  V  type  motors  with  a  single  camshatt,  as  then  the 
camshaft  gear  is  directly  above  the  crankshaft  pinion  and  a 
pinion  on  the  tan  shaft  may  mesh  directly  with  the  camshaft 
gear,  so  that  no  extra  gears  are  required.    Where  the  positive 


Fig.  325.— Belt  Adjusted  by  Eccentric  Support. 

drive  Is  need  It  Is  necessary  to  provide  the  fan  with  a  friction 
clutch,  so  that  It  may  slip  when  the  speed  of  the  engine  changeh 
suddenly.  Otherwise,  since  the  fan  has  considerable  Inertia 
and  Is  generally  geared  to  run  at  more  than  crankshaft  speed, 
some  part  of  the  drive  or  of  the  tan  Itself  Is  likely  to  break 
If  the  engine  Is  quickly  decelerated  hy  Jamming  In  the  ClutdL 
The  fan  centre  is  made  In  the  form  of  a  plate,  which  Ib  held 
between  two  other  plates  keyed  to  the  shaft,  by  means 
of  a  disc  or  spider-shaped  epring  (Pig.  326).     Tn  get  a  com- 
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paratlvalr  lorKe  frlctlonal  force  witb  ■m&U  atufacM  It  Is  weQ 
to  fac«  both  sides  of  the  tan  centre  with  soma  frlctltm  material 
such  as  asbestos  fabric.  The  pressure  (rf  this  sprins  can  be 
adjusted  br  means  of  a  out  screwed  orer  the  end  fit  the  fan 


Flc.  326.— Silent  Chain  Dutb  (Camllac). 

shaft  Plain  beeHngs  are  eenerally,  though  not  necesaarilr. 
used  In  conjunction  vlth  tbe  positive  drive.  The  all  gear  drive 
has  recently  given  way  to  Quite  an  extent  to  the  silent  chain 
drive,  on  account  of  the  great  Importance  now  attached  to  ab- 
solutelj  silent  operation  at  all  speeds. 

A  typical  silent  chain  fan  drive    (Cadillac)    Is  shown  In 
Fig.  326.    Id  this  case  tbe  fan  shaft  Is  driven  from  the  cam- 
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shaft,  which  in  turn  is  driven  from  the  crankshaft  hy  another 
silent  chain.  From  the  fan  shaft  is  driven  the  generator 
shaft  by  direct  connection.  The  whole  drive  is  enclosed  and 
therefore  can  be  well  lubricated.  In  vertical  engines  a  tri- 
angular silent  chain  drive  may  be  used,  the  chain  nmnlng 
over  chain  wheels  on  the  crankshaft,  camshaft,  and  fan 
shaft 

Fan  Houtlngd — ^In  the  average  car  the  fan  sweeps  over 
little  more  than  one-half  of  the  total  area  of  the  radiator  and 
at  low  car  speeds  those  portions  of  the  radiator  not  covered 
by  the  fan  dispose  of  comparatively  little  heat.  Moreover, 
with  the  ordinary  tapering  blade  fans  the  air  velocity  is  much 
less  near  the  axis  than  near  the  rim  of  the  fan.  In  order  to 
cause  the  fan  to  draw  air  through  all  parts  of  the  radiator 
substantially  uniformly,  some  makers  place  it  some  distance 


Fig.  327.— Fan  Housing. 


bade  of  the  radiator  and  provide  a  housing  whidi  closely  sur- 
rounds the  rim  of  the  fan  and  is  secured  to  the  rear  of  the 
radiator,  as  shown  in  Fig.  327.  It  can  conveniently  be  fastened 
to  the  ledge  for  the  bonnet  with  which  every  radiator  is  pro- 
vided. The  angle  made  by  the  housing  with  the  plane  of  the 
radiator  should  preferably  not  be  less  than  40  degrees,  so  that 
the  flow  of  the  air  through  the  outermost  portions  of  the 
radiator  may  not  be  impeded  by  a  too  sharp  turn  in  its  path. 
There  is  no  doubt  that  such  a  housing  materially  increases  the 
cooling  capacity  of  a  radiator  and  its  use  is  advisable  where 
space  permits.  It  has  been  used  in  this  country  by  Winton 
and  Cadillac. 
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PUMPS. 

In  the  gradual  development  of  cooling  systems  all  of  the 
different  types  of  pumps,  including  plunger,  gear,  vane  and 
centrifugal  pumps,  have  been  used  for  circulating  the  cool- 
ing fluid,  but  to-day  the  centrifugal  pump  is  used  almost  exclu- 
sively. In  its  earlier  applications  this  type  did  not  always 
prove  satisfactory,  probably  owing  to  improper  application 
due  to  a  misunderstanding  of  its  characteristics.  Whereas 
all  other  types  of  pump  mentioned  circulate  the  water  at  a 
rate  directly  proportional  to  the  speed,  with  the  centrifugal 
pump  the  rate  of  circulation  increases  and  decreases  fadter 
than  the  speed.  Therefore,  a  centrifugal  pump  must  be  run 
at  high  speed,  otherwise  it  must  either  be  made  compara- 
ttvely  large  or  it  will  not  deliver  enough  water  at  low  engine 
speeds.  One  advantage  of  the  centrifugal  pump  over  all  the 
other  types  is  that  in  case  the  pump  fails  for  any  reason  the 
water  can  still  circulate  at  a  reduced  rate  by  thermo-siphon 
action. 

Importance  of  Rapid  Circulation. — ^The  importance  of  rapid 
water  circulation  is  easily  demonstrated.  Suppose  that  in 
a  certain  car  at  full  engine  load  3000  B.T.TJ8  must  be  dis- 
posed of  in  the  radiator  per  minute.  Then,  if  the  water 
flows  through  the  radiator  at  the  rate  of  160  lbs.  (about  18 
gallons)  per  minute,  the  temperature  range  need  only  be  20 
degrees  Fahr.  On  the  other  hand,  if  the  water  circulates 
only  at  the  rate  of  60  lbs.  per  minute,  then  the  temperature 
range  in  the  radiator  must  be  60  degrees.  If  we  assume  170 
degrees  to  be  the  temperature  at  which  the  water  enters  the 
radiator  in  the  two  cases,  then  the  water  will  be  cooled  from 
170-150  degrees  in  the  first  case  and  from  170-110  degrees  in 
the  second,  the  mean  temperatures  oi  the  water  in  the  radiator 
being  160  and  140  degrees  respectively. 

Since  the  rate  of  heat  loss  by  radiation,  convection,  etc, 
is  proportional  to  the  difference  between  the  mean  tempera- 
ture of  the  water  in  the  radiator  and  the  temperature  of  the 
outside  air,  if  we  assume  the  latter  to  be  80  degrees,  then 
the  capacity  of  a  given  radiator  under  the  above  two  con- 
ditions varies  as  80  to  60.  In  other  words,  a  radiator  53 
per  cent  larger  is  required  with  the  slower  water  circulation. 
The  Increase  in  heat  dispersion  with  an  increase  in  circula- 
tion is  shown  by  the  curves  in  Fig.  328,  which  is  taken  from 
an  article  by  Frank  Briscoe  in  The  Horseless  Age.  The  fig- 
ures in  the  cut  refer  to  different  radiators  tested. 
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There  is,  howeyer,  still  another  advantage  connected  with 
rapid  water  circulation.  If  the  water  passes  through  the 
radiator  rapidly  its  drop  in  temperature  in  the  radiator  is 
smaller  and  it  enters  the  engine  Jacket  at  a  higher  tempera- 
ture. As  long  as  the  water  in  the  Jacket  does  not  attain  the 
boiling  point  the  cylinders  will  be  satisfactorily  cooled,  and 
if  it  enters  the  Jackets  at  a  higher  temperature  the  mean 
cylinder  wall  temperature  will  be  higher  and  the  fuel  econ- 
omy of  the  engine  will  be  improved. 

Centrifugal  Pumps. — ^A  centrifugal  pump  comprises  two 
main  parts,  viz.,  the  impeller  and  the  housing.  The  impeller 
contains  a  set  of  curved  vanes  which  sometimes  are  sup- 
ported only  by  the  hub,  but  more  frequently  by  a  disc  at 


Gallons  cf  MzUr  Circulated  /Mr  Minute. 

Fig.  328. — Curves  Showing  Variation  of  Radiator  CAPAaTV 

WITH  Rate  of  Circulation. 

one  side.  The  housing,  which  must  be  made  in  two  parts 
so  that  the  impeller  may  be  gotten  into  it,  is  provided  with 
a  water  inlet  concentric  with  the  shaft  on  which  the  im- 
peller is  mounted,  and  with  a  water  outlet  at  the  circumfer- 
ence. In  a  cooling  sjrstem  on  a  car  the  water,  of  course, 
fills  the  whole  pump  chamber,  the  pump  being  always  located 
on  a  level  with  the  lower  part  of  the  radiator.    Rotation  of 
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the  impeller  sets  the  water  between  the  impeller  yanes  in 
rotation  and  the  centrifugal  frat^e  resulting  from  this  rotation 
causes  the  water  to  flow  ontward  toward  the  drcumference 
of  the  housing  where  it  enters  the  Tolute— a  water  passage 
leading  entirely  around  the  circumference  of  the  housing  and 
gradually  increasing  in  cross  section  from  nothing  to  the  full 
area  of  the  discharge  opening. 

Theoretically  there  should  be  an  annular  space  between 
the  circumference  of  the  impeller  and  the  volute  in  which 
the  water  can  change  from  the  direction  in  which  it  is  mov- 
ing when  leaving  the  tip  of  the  impeller  vanes  to  that  it 
must  follow  in  the  volute.  This  space,  known  as  a  dilfuser, 
is  always  provided  in  the  larger  stationary  centrifugal  pumps, 
but  in  automobile  pumps,  owing  to  space  limitations,  it  is 
generally  omitted  and  the  water  must  then  change  its  direc- 
tion in  the  volute,  which  probably  lowers  the  efficiency  of 
the  pump  somewhat 

Angle  of  Vanesu — Centrifugal  pumps  used  on  automobiles, 
are  of  what  is  known  as  the  low  pressure  type,  and  this 
determines  the  proper  inclination  of  the  vanes.  In  high 
pressure  pumps  the  vanes,  except  for  the  inner  portion  where 
the  water  flrst  comes  in  contact  with  them,  are  made  con- 
cave towifrd  the  forward  side;  in  moderate  pressure  pumps 
they  are  made  radial,  and  in  low  pressure  pumps  they  are 
made  strongly  convex  toward  the  forward  side.  The  reason 
for  this  is  easily  explained.  As  the  water  leaves  the  vanes 
its  motion  is  the  resultant  of  two  components,  vis.,  the  peri- 
pheral speed  of  the  impeller  in  the  direction  tangential  to 
the  point  where  the  water  leaves,  and  the  motion  of  the  water 
relative  to  the  vane,  parallel  to  the  direction  of  the  outer 
portion  of  the  latter.  In  Fig.  329  are  shown  parallelograms 
of  forces  for  the  two  cases  respectively,  and  it  will  be  seen 
that  the  resultant  speed  of  the  water  is  much  greater  if  the 
outer  portion  of  the  vane  is  curved  forwardly  than  wl^en 
it  is  curved  backwardly.  But  the  height  to  which  a  stream 
of  water  will  rise  (and  hence  its  pressure)  is  proportional 
to  the  square  of  its  velocity.  On  the  other  hand,  the  re- 
sistance to  the  flow  of  water  through  the  pump  is  much 
less  if  the  vanes  are  curved  backwardly  and,  therefore,  if 
only  a  small  head  has  to  be  worked  against,  a  pump  with 
backwardly  curved  vanes  will  be  more  efficient  than  a  pump 
with  forwardly  curved  vanes  but  otherwise  similar. 

The  pumps  of  automobile  cooling  systems  have  to  work 
only  against  the  friction  head.    This,  even  in  extreme  cases. 
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is  equal  to  a  static  head  of  only  a  few  feet  For  pumps 
working  against  such  a  small  head  the  discharge  angle  of  the 
yane  should  be  170  degrees.  That  is,  a  tangent  drawn  to  the 
▼ane  cunre  at  the  outer  end  should  make  with  a  tangent  to 
the  impeller  circumference  at  the  same  point  an  angle  of  170 
degrees.  Usually  six  vanes  are  used.  The  method  of  laying 
out  the  yanes  is  then  as  follows  (Fig.  330):  First  draw  the 
circles  representing  the  inner  and  outer  diameters  of  the 
yanes.  Rules  for  determining  the  proper  diameters  for  any 
size  of  engine  will  be  given  later  on.  Divide  the  outer 
circumference  into  six  equal  parts.  From  one  of  the  division 
points  draw  a  radial  line  to  the  centre  of  the  circle,  and  then 
from  the  same  point  draw  a  line  making  with  the  radial 
line  an  angle  of  10  degrees.    This  last  line  must  be  back  of 


Fig.  329. — Composition  op  Water  Velocities  in  Centkifugal 

Pumps. 

A,  high  prcMure  pump  diagram;  B,  low  prcMure  pump  diagram;  a,  tan- 
gential speed  of  impeller  rim;  b,  speed  of  water  parallel  to  vane;  c,  re- 
sultant  water  speed. 

the  radial  line,  that  is,  in  the  opposite  direction  from  that 
in  which  the  vane  moves  when  in  the  pump.  Next  draw 
radial  lines  through  all  the  other  five  division  points  on  the 
outer  circle.  Next  find  a  point  along  the  line  making  an 
angle  of  10  degrees  with  the  first  radial  line  such  that  a 
circle  struck  from  it  through  the  intersection  of  this  line 
with  the  outer  circle  will  intersect  the  inner  circle  at  the 
point  where  the  next  radial  line  forward  intersects  it  This 
circle  forms  the  forward  side  of  one  vane  and  the  rear  side 
can  be  described  with  the  compass  from  the  same  centre, 
making  the  thickness  the  minimum  permitted  by  foundry 
conditions  (about  H  inch).  This  completes  one  of  the  six 
vanes  and  the  others  are  drawn  in  a  similar  way. 
Some  designers  extend  the  vanes  all  the  way  in  to  the 
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hub  and  this,  of  course,  is  necessary  where  they  are  not  sup- 
ported by  a  disc,  but  where  a  supporting  disc  is  used  it  seems 
preferable  to  leave  an  open  space  of  annular  form  between 
the  hub  and  the  vanes,  the  diameter  of  this  open  space  being 
made  equal  to  that  of.  the  water  inlet 

Dimensions  of  Pumps. — It  is  customary  to  drive  the  pump 
at  crankshaft  speed,  though  there  are  variations  from  this 
practice.    An  analysis  of  the  dimensions  of  numerous  pumps 


Fig.  330. — Method  op  Laying  Out  Vanes 

driven  at  crankshaft  speed  shows  that  the  impeller  diameter 
varies  as  the  fourth  root  of  the  piston  displacement  of  the 
engine.  If  we  designate  the  piston  displacement  by  V  and 
the  impeller  diameter  by  D  then 


Z>  =  1.1  V  V 
The  width  of  the  vane  at  the  impeller  circumference  is  made 
0.12  Z>,  the  diameter  at  the  inner  ends  of  the  vanes  and  that 
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of  the  water  Inlet  are  made  0.66  D.  Tlieoretlcally  the  width 
of  the  Impeller  should  increase  from  the  circumference  to- 
ward the  center  in  such  a  way  that  the  product  of  the  radius 
into  the  width  is  constant,  as  that  insures  constant  water 
velocity  in  a  radial  direction.  This  gives  an  hyperbolic  out- 
line for  the  propeller  which  is  difficult  to  form.  In  practice 
the  width  of  the  vanes  decreases  uniformly  from  the  inner 
circumference  to  the  outer.  The  width  at  the  inner  circum- 
ference is  made  one  and  one-half  times  that  at  the  outer 
circumference,  or  0.18  I>. 

It  frequently  happens  that  some  other  accessory  is  driven 
through  the  water  pump  and  the  proper  diameter  of  the  shaft 
then  depends  to  some  extent  upon  the  power  consumed  hy 
that  accessory.  In  all  ordinary  cases,  however,  the  shaft 
diameter  may  be  made  0.16  JD  and  the  impeller  hub  diameter 
0.26  JD. 

Pump  Dimensions  for  Other  Speeds. — ^If  the  pump  is  to  be 
run  at  less  than  crankshaft  speed,  then,  to  give  the  same 
circulation,  it  must  necessarily  be  made  of  large  diameter, 
and  if  it  is  to  be  driven  at  higher  speed  it  may  be  of  smaller 
diameter.  As  for  the  same  rate  of  circulation  the  same  head 
is  always  required,  and  as  the  head  is  proportional  to  the 
square  of  the  peripheral  speed,  if  the  speed  is  to  be  n  times 
crankshaft  speed,  where  n  may  be  either  greater  or  smaller 
than  unity,  then  the  impeller  diameter  should  be  made. 


D^  =  1.1 


The  other  dimensions  of  the  pump  can  be  calculated  by  the 
same  formula  as  for  crankshaft  speed. 

Owing  to  the  fact  that  the  head  due  to  a  centrifugal  pump 
varies  as  the  square  of  its  speed  of  revolution,  whereas  the 
resistance  head  due  to  pipes  and  other  water  passages  varies 
not  quite  so  fast  as  the  square  of  the  velocity  of  the  water 
flowing  through  them,  the  rate  of  circulation  through  a  given 
system  caused  by  a  given  centrifugal  pump  varies  slightly 
faster  than  the  speed.  Within  the  range  of  water  velocities 
occurring  in  the  piping  of  automobile  cooling  systems  at 
normal  engine  speed  it  is  permissible  to  figure  that 
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where  jBw  Ii  the  rate  of  water  drculation  and  Br  the  speed 
ot  the  pump.  Thas,  If  the  vater  circulation  Is  to  be  Increased 
25  per  cent  the  pump  speed  must  be  increased  21  per  cent  If 
the  rate  of  circulation  is  to  be  doubled  the  pump  speed  must  be 
increased— 83  per  cent 


Fic.  331.— Two-Beau HC  (Through  Drive)  Cenimfucal  Pump. 


Details  of  Construction. — If  some  other  accesaorr  la  to  be 
drlren  throuKh  the  pump  shaft  then  the  pump  houslns  1b 
often  split  In  the  center,  the  two  halvee  being  made  sym- 
metrical.   A  design  of  this  type  Is  shown  In  Fig.  331.    This 
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construction  requires  two  bearings  and  two  stuffing  boxes  on 
the  shaft.  Where  no  "through  drive"  Is  necessary  It  Is 
much  preferable  to  use  only  a  single  bearing,  as  there  will 
then  be  only  one  place  to  keep  lubricated  and  only  one  stuff- 
ing box  to  become  leaky  and  require  packing.  In  that  case 
the  pump  housing  proper.  Including  the  entire  volute,  is 
made  in  a  single  casting  which  is  provided  with  a  plain  cover 
plate  preferably  of  sheet  metal.  The  inlet  may  be  either  in 
the  cover  plate  or  aroimd  the  pump  bearing.  Where  the 
pump  has  only  a  single  bearing  it  should  be  at  least  two 


Fia  332. — Single-Bearing  Centrifugal  Pump. 

aud  a  half  diameters  in  length,  for  double  bearings  a  length 
of  one  and  one-half  diameters  is  sufficient  for  each,  but 
-exigencies  of  design  often  necessitate  the  use  of  longer 
hearings.  Each  bearing  must  be  provided  with  lubricating 
neans,  preferably  a  screw-down  grease  cup.  A  pump  with  a 
single  bearing  is  shown  in  Fig.  332. 

The  volute,  as  already  explained,  increases  uniformly  in 
section  all  around  the  circumference.  Its  greatest  section  is 
equal  to  that  of  the  water  delivery  pipe.    Most  designers 
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make  the  section  of  the  volute  circular  at  every  point,  and 
this  gives  somewhat  less  resistance  to  the  flow  of  the  water 
than  if  the  volute  is  made  of  uniform  width  and  flattened 
to  decrease  the  area.  The  latter  scheme  is  occasionally  used 
however,  to  decrease  the  radial  dimensions  of  the  pump.  If 
the  cross  section  is  to  be  circular  everywhere  then  if  the 
diameter  at  the  outlet  is  d,  the  diameter  one-quarter  around 
from  the  outlet  is  0.866  d,  half  way  around,  0.707  d,  three- 
quarters  way  round,  0.5  d  and  seven-eighths  around  0.353  d. 

Pump  Drive. — ^In  American  practice,  with  vertical  en- 
gines the  pump  is  generally  placed  at  the  side  of  the  engine 
near  the  forward  end,  with  its  axis  parallel  with  the  cranlc- 
shaft,  and  is  driven  by  gear  from  the  camshaft  gearing  at 
crankshaft  speed.  The  driving  gears  are  then  completely 
enclosed.  If  a  magneto  is  used,  it  may  be  driven  through 
the  pump,  otherwise  the  electric  generator  is  often  driven 
through  it,  as  this  arrangement  saves  practically  one  drive. 
Connection  between  the  pump  and  the  magneto  may  be  made 
by  a  Hookham  joinjt,  a  leather  coupling  or  one  of  the  spring 
couplings  gotten  out  by  the  magneto  makers.  In  ESurope, 
where  magneto  ignition  is  still  practically  universal,  a  cross 
shaft  Is  much  employed,  driven  from  the  camshaft  by  helical 
gears  and  connecting  to  the  magneto  at  one  end  and  the 
pump  on  the  other.  This  arrangement  makes  the  pump  very 
accessible. 

As  the  water  enters  the  pump  from  one  side  and  leaves  In 
a  radial  direction  there  is  a  small  end  thrust  on  the  pro- 
peller. This  should  be  taken  up  on  the  bearing  In  the  hous- 
ing and  the  hub  of  the  impeller,  so  that  the  impeller  proper 
clears  the  housing  all  around. 

The  stuffing  box  is  packed  with  candle  wicklng  soaked  In 
grease.  A  brown  paper  gasket  stuck  on  with  shellac  dis- 
solved in  alcohol  can  be  used  between  the  two  halves  of  the 
housing.  A  drain  cock  or  plug  should  be  placed  at  the  lowest 
point  of  the  housing,  so  that  all  water  can  be  drained  off  in 
cold  weather. 

Pump  housings  are  often  made  of  aluminum  for  the  sake 
of  lightness.  They  may  also  be  made  of  brass,  bronze  or 
cast  iron.  Any  of  these  materials  will  also  do  for  the  im- 
peller.   Housings  are  also  made  of  pressed  steel. 

It  will  sometimes  occur  during  the  winter  months  that 
the  owner  forgets  to  drain  the  pump  when  leaving  the  car  in 
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a  cold  garage.  The  pump  may  then  freeze  up,  and  when 
it  is  attempted  to  crank  the  engine.  If  the  crankshaft  does 
not  move  and  the  operator  applies  all  his  strength,  he  may 
break  something.  In  order  that  the  damage  done  in  such 
a  case  may  be  of  such  a  nature  as  to  be  easily  repaired,  it  is 
customary  to  insert  a  "weak  link"  either  in  the  drive  or  in 
the  pump  itself.  For  instance,  one  member  of  the  driving 
coupling  may  be  secured  to  its  shaft  by  a  pin  of  such  diam- 
eter as  to  shear  ofC  before  any  injury  is  done  to  the  pump, 
or  the  impeller  may  be  secured  to  the  shaft  'by  such  a  pin. 

Double  Pump  for  V  Motors.— For  V  motors,  in  order 
to  insure  equal  circulation  of  water  through  both  cylinder 
sets»  either  two  pumps  are  used  or  special  double  pumps 
with  vanes  on  both  sides  of  a  central  disc,  two  volutes  and 
two  outlets  which  may  be  at  different  points  of  the  circum- 
feredce  to  suit  the  piping. 

The  power  consumed  by  circulating  pumps  is  very  smalL 
It  is,  however,  impossible  to  give  any  rule  for  its  calculation, 
as  it  varies  with  the  very  indeterminate  resistance  to  water 
flow  of  the  cooling  circuit.  Power  tests  of  centrifugal  pumps 
have  occasionally  been  reported,  but  these  tests  are  usually 
made  with  the  pump  working-  against  a  constant  head  instead 
of  against  a  variable  friction  head,  as  in  a  regular  cooling 
system. 

Automatic  Control  of  Circulation. — ^Although  the  rate  of 
water  circulation  and  the  rate  of  air  delivery  both  increase 
and  decrease  with  the  speed  of  the  engine,  in  the  ordinary 
car  the  cooling  effect  does  not  at  all  conform  to  the  changing 
requirements  under  different  conditions  of  engine  loading 
and  atmospheric  temperature.  For  instance,  if  the  engine 
runs  at  a  given  speed,  the  water  circulation  and  air  circula- 
tion remain  the  same,  whether  the  engine  runs  idle  or  under 
full  load,  whether  the  atmospheric  temperature  is  100**  or 
zero,  though  it  is  obvious  that  the  heat  to  be  dispersed  is 
many  times  as  great  under  full  load  as  when  idling,  and  the 
capacity  of  the  radiator  for  dispersing  heat  is  more  than 
twice  as  great  in  zero  weather  as  in  hot  summer  weather. 
The  result  is  that  practically  all  cars  which  have  a  cooling 
system  that  is  adequate  under  all  conditions,  over-cool  their 
engines  when  lightly  loaded  and  during  cold  weather,  thus 
lowering  the  fuel  economy  and  the  ability  of  the  motor  to 
run  smoothly  at  low  speeds. 
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In  tlie  Cadillac  elgbt-cyllnder  car  Uie  rate  of  drculatlon  ts 
automatically  controlled.  To  this  end  a  thermostat  1b  nsed, 
In  the  Bhape  of  a  short  length  of  circularly  corruKated  copper 
pipe  closed  at  both  ends  and  filled  with  a  liquid  of  low  boil- 
ing point  (ether).  Thia  is  so  sensltlTe  to  rarlatlona  In  tem- 
perature that  It  expands  Tlsibly  when  merely  breathed  against. 


Fig.  333. — Cadillac  Thebmostatic  Circulatiok  Contbol. 

The  copper  thermostat  is  located  In  a  chamber  adjacuit  to  the 
pump,  and  the  valve  Is  directly  above  It.  Water  from  the 
radiator  enters  the  valve  chamber  at  the  aide,  and  there  are 
two  outlets  for  It  from  thia  chamber  through  the  double 
Talre,  one  upward  and  one  downward,  the  object  being  to 
make  the  valve  Independent  of  the  auction  of  the  pnmD  and 
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subject  only  to  the  Inflaence  of  the  thennostat.  There  is 
a  by-pass  from  the  thermostat  chamber  to  the  carburetor 
Jacket  which  constantly  remains  in  communication  with  the 
pump,  so  that  water  can  circulate  through  the  carburetor 
Jacket  all  the  time.  As  long  as  the  water  is  cool  the 
thermostatic  valve  is  closed*  and  there  is  therefore  no  cir- 
culation except  through  the  by-pass  to  the  carburetor  Jacket 
This  insures  quick  warming  up  of  the  water  in  the  engine 
Jacket.  As  soon  as  warm  water  reaches  the  thermostat  it 
expands  and  opens  the  valve,  and  then  the  circulation  takes 
place  in  the  regular  way  through  the  pump,  radiator  and 
Jacket.  In  normal  operation,  as  the  engine  output  increases 
and  decreases,  the  valve  opening  increases  and  decreases, 
so  that  the  rate  of  circulation  will  vary  with  the  load.  The 
tendency  of  the  system  therefore  is  to  keep  the  engine  tem- 
perature constant,  because  as  soon  as  the  engine  tempera- 
ture, and  with  it  the  cooling  water  temperature,  rises,  the 
thermostatic  valve  opens  wider,  reducing  the  resistance  of 
flow  and  thus  causing  more  rapid  circulation,  while,  in- 
versely, a  decrease  in  the  water  temperature  causes  the 
thermostatic  valve  to  close  partly,  thus  obstructing  and  re- 
ducing the  flow. 

With  such  an  automatic  control  of  the  circulation,  a  more 
powerful  pump  may  be  used  than  if  there  is  no  restriction 
to  the  flow.  For  instance,  on  the  Cadillac  car  two  pumps  are 
used,  one  for  each  set  of  cylinders,  with  a  6-inch  impeller 
each,  whereas  the  rule,  given  in  the  foregoing  gives  for  the 
impeller  diameter  for  a  four-cylinder  motor  of  the  same 
cylinder  dimensions  as  the  Cadillac,  4  Inches. 

Hand  control  of  circulation  has  been  used  on  the  Sheffield 
Simplex  car,  made  in  England.  Thermo-siphon  circulation 
is  used,  which  is  supplemented  by  pump  circulation,  the 
pump  being  started  and  stopped  from  the  seat  by  means  of 
a  friction  clutch. 

Water  Capacity. — ^The  average  water  capacity  of  a  com- 
plete system  for  pump  and  thermo-siphon  circulation,  respect- 
ively, may  be  found  by  means  of  the  following  equations: 

For  pump  systems — 

C 
<?  =  2  +  gallons; 

for  thermo-siphon  systems — 

0 
0  =  3  -t-  _-  gallons 

where  O  is  the  piston  displacement  of  the  engine  in  cubic 
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inches.  The  water  capacity  necessary  with  any  system  depends 
largely  upon  the  type  of  radiator  employed,  being  largest  with 
the  flanged  tubular  type  of  radiator  and  smallest  with  the  cellu- 
lar type  in  which  all  water  spaces  are  "live."  The  rate  of  circu- 
lation also  has  an  effect,  as  has  the  speed  of  the  vehicle.  The  pre- 
ceding equations  apply  to  pleasure  cars  only. 


CHAPTER  XXI. 

AIR  COOLING. 

The  heat  absorbed  by  the  cylinder  walls  of  any  explosion 
motor  is  finally  dispersed  in  the  atmosphere.  With  the  water 
cooling  system  the  water  merely  constitutes  a  vehicle  for 
transferring  the  heat  from  the  engine  to  the  radiator,  which 
latter  gives  it  o£E  to  the  atmosphere.  With  air  cooling  the  heat 
passes  from  the  cylinder  walls  directly  to  the  atmosphere,  and 
advocates  of  air  cooling  therefore  refer  to  it  as  the  direct  cool- 
ing system. 

Air  cooling  was  used  by  Gottlieb  Daimler  in  his  first  bi- 
cycle motor,  bat  was  soon  discarded  by  him.  It  was  suc- 
cessfully applied  to  cycle  motors  by  Bouton  about  1897. 
These  motors  had  single  cylinders  of  very  small  bore  and 
stroke.  It  is  easily  proven  that  a  small  cylinder  can  be  kept 
cool  better  than  a  large  one.  With  the  same  temperature  of 
cylinder  wall  the  amount  of  heat  radiated  per  unit  of  wall 
'area  will  be  the  same  in  cylinders  of  all  sizes.  But  since  in  a 
large  cylinder  the  wall  area  is  smaller,  in  proportion  to  the 
combustion  chamber  volume,  more  heat  will  have  to  be  ab- 
sorbed per  unit  of  wall  surface  in  order  that  the  burning  gases 
may  drop  in  temperature  as  rapidly  as  in  the  small  cylinder. 
Moreover,  in  some  air  cooled  cycle  or  vehicle  motors  one  side 
of  the  cylinder  is  exposed  to  a  current  of  air  which  is  either 
due  to  the  motion  of  the  vehicle  or  is  produced  by  a  fan.  The 
other  side  of  the  cylinder,  however,  is  shielded  from  this 
draught,  and  this  shielding  is  the  more  effective  the  larger 
the  cylinder  dimensions.  Conse<iuently  the  tendency  to^  over- 
heat is  the  greater  the  larger  the  cylinders. 

Cooling  Flange8.^The  amount  of  heat  which  will  be  ab- 
sorbed or  radiated  by  a  tmit  of  metallic  surface  depends  upon 
the  temperature  difference  between  the  surface  and  the  sur- 
rounding air  or  gas.  If  the  combustion  chamber  wall  had  the 
same  area  of  surface  in  contact  with  the  hot  gases  on  the  in- 
side and  the  atmospheric  air  on  the  outside,  then  it  would 
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tend  to  assume  a  temperature  which  would  be  a  mean  be- 
tween the  atsmospheric  temperature  and  the  average  tempera- 
ture inside  the  cylinder,  particularly  if  the  conditions  of  motion 
of  the  gaseous  elements  inside  and  outside  the  cylinder,  with 
respect  to  the  cylinder  walls,  were  about  the  same.  But  this 
temperature  would  be  far  too  high  to  permit  of  satisfactory 
lubrication,  not  to  mention  other  likely  troubles.  According  to 
some  experiments  made  by  Prof.  H.  L.  Callender,  the  operating 
conditions  of  an  air  cooled  motor  cease  to  be  satisfactory  when 
the  cylinder  head  attains  a  temperature  of  570*  Fahr. 

Redaction  of  Heat  Absorption— In  order  to  keep  down 
the  cylinder  wall  temperature  it  is  necessary  to  so  shape  and 
finish  the  inner  surfaces  that  they  will  absorb  a  minimum 
amount  of  heat,  and  the  outer  surfaces  so  that  they  will  radi- 
ate this  heat  most  readily.  It  has  been  found  by  laboratory 
experiments  that  a  polished  metal  surface  does  not  radiate 
heat  nearly  as  rapidly  as  a  rough  surface,  and  it  is  logical  to 
assume  that  when  in  contact  with  hot  gases  it  will  not  absorb 
as  much  heat  either.  It  is  therefore  advisable  to  give  a 
smooth  machine  finish  to  the  whole  interior  surface  of  the 
combustion  chamber.  This  can  only  be  done  if  the  valves 
are  located  in  the  cylinder  head,  and  this  valve  arrangement 
is  therefore  a  favorite  one  for  air  cooled  motors.  There  is 
one  other  advantage  in  polishing  the  combustion  chamber 
wall  surface.  It  is  found  that  spontaneous  ignition  or  prer 
ignition  in  both  water  and  air  cooled  motors  is  often  caused 
by  carbon  deposits  on  the  cylinder  walls.  Carbon  is  a  poor 
conductor  of  heat  and  attains  a  very  high  temperature  when 
adhering  to  the  combustion  chamber  wall.  When  the  wall 
surface  is  polished  the  carbon  formed  by  the  combustion  will 
not'  so  readily  adhere  to  it,  but  will  be  blown  out  with  the 
exhaust. 

The  temperatures  of  explosion  and  combustion  depend  di- 
rectly upon  the  compression  pressure.  In  an  air  cooled  en- 
gine the  compression,  therefore,  must  be  kept  fairly  low.  A 
compression  ratio  of  4  to  i  is  about  the  practical  limit  for  air 
cooled  motors,  while  a  ratio  of  5  to  i  is  occasionally  used 
on  water  cooled  motors.  Rich  mixtures  tend  to  heat  the  motor 
more  than  mixtures  properly  proportioned  or  somewhat  lean, 
and  it  is,  therefore,  advisable  to  so  arrange  the  carburetor  that 
it  is  impossible  for  the  driver  to  misadjust  it  so  as  to  make 
the  mixture  over-rich.  Quick  evacuation  of  the  cylinder  at  the 
end  of  the  power  stroke  is  also  essential,  and  large  size. 
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quick  opening  exhaust  valves  must  therefore  be  used.  The 
H.  H.  Franklin  Manufacturing  Company  has  employed  auxiliary 
exhaust  ports,  as  already  described,  for  many  years,  but  has 
recently  given  up  their  use.  These  auxiliary  ports  open  much 
faster  than  ordinary  poppet  valves.  It  is  also  inadvisable  to 
run  on  a  late  spark. 

Radiating  Surface— The  combustion  chamber  wall  disperses 
the  heat  which  it  absorbs  froni  the  burning  gases  by  two 
methods,  viz.,  by  radiation  and  by  convection.  Suppose  a  cur- 
rent of  air  to  be  blown  over  the  cylinder.    Then  any  particle 


Pig.  334. — Cylinder  with  Cooung  Flanges. 

of  air,  on  coming  in  contact  with  the  hot  cylinder  wall,  will 
have  heat  imparted  to  it  and  will  carry  this  heat  away  with  it 
This  is  known  as  convection.  There  would  also  be  convec- 
tion of  heat  if  no  artificial  air  current  was  employed,  since 
the  air  in  contact  with  the  hot  walls,  on  becoming  heated,  ex- 
pands and  rises,  thus  carrying  heat  away  with  it  But  there 
is  some  loss  of  heat  from  the  cylinder  walls  at  right  angles 
to  the  direction  of  the  air  current  or  even  directly  opposed 
to  it,  and  this  is  due  to  radiation.    Convection  is  proportional 
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to  the  speed  at  which  the  air  moves  over  the  hot  surfaces. 
Both  radiation  and  convection  depend  apon  the  area  of  the 
surface  exposed  and  to  some  extent  upon  the  condition  ot 
this  surface.  It  is  therefore  necessary,  in  order  to  effectively 
cool  the  combustion  chamber,  to  make  the  outer  surface  of 
the  cylinder  wall  as  large  as  possible  and  to  pass  cool  air 
over  it  at  a  rapid  rate. 

Form  and  Dimensions  of  Cooling  Flanges — In  very  small 
motors,  such  as  cycle  motors,  the  only  provision  made  for  in- 
suring effective  cooling  consists  in  increasing  the  radiating 
surface  by  providing  the  cylinder  with  cooling  flanges  or  ribs. 
In  a  vertical  motor  these  generally  lie  in  a  plane  perpendicu- 
lar to  the  cylinder  axis,  as  shown  in  Fig.  334.  In  the  smaller 
motors  these  ribs  are  generally  cast  integral  with  the  cylin- 
ders. A  mathematical  investigation  of  the  form  insuring  the 
most  effective  radiation  shows  that  the  flanges  should  be  of 
what  might  be  called  razor  blade  section;  that  is,  slightly  con- 
cave on  their  sides;  should  run  out  into  a  knife  edge,  and 
there  should  be  a  sharp  angle  between  adjacent  flanges  where 
they  join  the  cylinder  wall.  Practical  considerations  dictate 
a  somewhat  difEcult  form,  however  (see  Fig.  335.  The 
section  of  the  flange  tapers  down  from  the  cylinder  wall  to 
the  outer  edge,  about  yi  inch  per  inch.  This  is  required  in 
order  to  make  it  possible  to  draw  the  cylinder  pattern  out 
of  the  moid,  but  it  also  possesses  advantages  from  the  stand- 
point of  cooling,  aside  from  approximating  the  shape  of 
maximum  radiating  efficiency  as  just  explained.  Not  as  much 
heat  needs  to  be  conducted  through  sections  of  the  flange 
near  the  outer  edge  as  farther  inward,  and  the  section  there- 
fore can  be  reduced  as  the  distance  from  the  cylinder  wall 
increases.  The  bottom  of  the  groove  between  adjacent  flanges 
is  generally  made  semi-circular  and  the  outer  portion  of  the 
flange  the  same,  in  accordance  with  ordinary  rules  of  design. 

There  is  a  considerable  variation  in  design,  but  in  small 
cylinders,  say,  not  exceeding  a  bore  of  3  inches,  to  which  this 
form  of  cooling  is  now  practically  limited,  the  flanges  are 
made  about  1^  inch  high  per  inch  of  bore  and  spaced  }i  to  ii 
inch.  Frequently  the  flanges  are  made  highest  at  the  top  end 
of  the  cylinder  and  of  gradually  decreasing  height  toward  the 
bottom  end. 

Instead  of  casting  cylinders  with  cast  iron  cooling  flanges, 
sheet  metal  flanges  are  sometimes  placed  in  the  mold  and  cast 
into  the  cylinder  walls.  Again,  the  cylinders  may  be  cast 
with  cooling  pins,  sheet  metal  flanges  may  be  slipped  over 
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rhe  machined  cylinder  or  threaded  radiating  pint  may  be 
screwed  into  its  walls  in  large  number. 
All  of  these  methods  were  applied  at  one 
period  in  the  historjr  of  automobile  de- 
velopment, but,  owing  to  a  seeming  re- 
version of  public  favor  to  the  water  cooled 
motor,  many  manuufacturers  who  once 
built  air  cooled  motors  gave  up  air  cool- 
FiG.  335.  ing.     As  the  power  output  demanded  by 

the  buying  public  increased  the  problem 
of  cooling  the  motors  satisfactorily  by  air  directly  became 
more  difficult,  and,  besides,  the  fact  that  four  cylinder  motori 
arranged  vertically  in  a  fore-and-aft  direction  under  a  bonnet 
in  front  became  the  favorite  type  introduced  further  com- 
plications. It  was  at  first  attempted  to  cool  these  motors  by 
a  blast  of  air  created  by  a  propeller  type  of  fan  located'at  the 
forward  end  of  the  bonnet,  the  blast  being  directed  against 
the  front  cylinder.  Under  these  conditions  the  different  cyl- 
inders naturally  were  cooled  very  unequally,  and  it  was  found 
that  in  a  four  cylinder  motor  thus  arranged  and  subjected  to 
a  blast  of  air  from  a  fan  located  in  front,  cylinder  No.  3 
reaches  the  highest  temperature. 

Blower  Coollng^-These  different  problems  have  been  satisfac- 
torily solved,  however,  by  a  system  known  as  blower  cooling. 


'\m^xmJ 
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The  cylinders  are  formed  with  vertical  flanges  or  cooling  pins 
of  relatively  small  heigiit,  and  these  are  surrounded  by  an 
aluminum  or  sheet  metal  air  jacket  The  jackets  of  the  indi- 
vidual cylinders  connect  on  top  to  an  air  pipe  leading  to  the 
outlet  of  a  centrifugal  fan  or  blower.  In  the  Franklin  motors 
the  flywheel  is  made  in  the  form  of  a  centrifugal  fan,  while 
in  the  Kelly  motor,  illustrated  in  Fig.  336,  a  blower  is  located 
at  the  forward  end  of  the  motor.  In  this  way  a  strong  blast 
of  coot  air  is  directed  against  the  heads  of  the  cylinders 
which  are  heated  the  most,  and  the  cooling  effect  is  the  same 
for  all  of  the  cylinders  and  all  around  each  cylinder.     This 


Fig.  337. — Centbipugal  Fan  fob  Ais  Cooled  Uoioa. 


system  resembles  water  cooling  in  many  respects.  There  ia 
this  difference,  however,  that  the  air  need  not  be  stored,  but 
is  always  and  everywhere  available  in  unlimited  quantity. 
Leakage  troubles  and  troubles  due  to  freezing  of  the  cooling 
water  in  winter  are  entirely  eliminsted.  A  further  difference 
is  that  whereas  with  water  coaling  the  cylinder  wall  tempera- 
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ture  is  limited  to  212*,  with  air  cooling  it  will  generally  be 
considerably  higher  than  this,  which  has  a  favorable  effect 
on  the  fuel  economy.  The  temperature  of  the  cylinder  walls, 
of  course,  will  depend  upon  the  capacity  of  the  blower. 

The  Blower— ^Suppose  that  a  25  horse  'power  motor  is  to 
be  cooled  by  the  blower  system.  We  may  assume  that  the 
fuel  consumption  is  0.65  pound  of  gasoline  per  horse  power- 
hour  and  that  40  per  cent  of  the  fuel  energy  is  carried  off  by  the 
cooling  air.  What  must  be  the  delivery  of  the  blower  at  the  full 
load  speed  of  the  motor?  The  heat  energy  to  be  carried  ofl 
by  the  cooling  air  is  evidently 

0.65  X  25  X  19,000  X  0.40 

^  =  2,060  B,  T.  U.  iappr.)  per  minute. 

w 

Now,  the  specific  heat  of  air  at  constant  pressure  is  aa4. 
Allowing  for  a  rise  of  100*  Fahr.  in  the  temperature  of  the  aiff 
the  amount  to  be  moved  is 

2.060 

=  86  pounds. 


100X024 


Since  atmospheric  air  weighs  0.077  pound  per  cubic  foot,  the 
amount  to  be  moved  is 

86 

=  practically  1,120  cubic  feet  per  minute. 


0.077 


The  pressure  against  which  this  air  must  be  moved  depends 
upon  the  dimensions  of  the  jackets. 

A  centrifugal  fan  or  blower  consists  of  two  parts,  viz.,  the 
casing,  whose  peripheral  surface  is  of  spiral  shape,  and  the 
runner.  The  latter  is  a  revolving  wheel  with  numerous  blades 
or  vanes  on  its  circumference  which  cause  the  air  to  re- 
volve with  the  runner.  The  air  enters  thvough  the  open  side 
of  the  casing  (see  Figs.  336  and  337),  has  a  rotary  motion 
imparted  to  it  by  the  blades,  is  forced  outward  against  the 
casing  spiral  by  its  centrifugal  force,  and  because  it  strikes 
the  spiral  at  an  angle,  is  forced  in  the  direction  of  the  outlet 
Centrifugal  fans  are  high  speed  machines,  and  when  gear- 
driven   from   the   engine   run   at   2   to  2^    times  crankshaft 
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speed.  They  may  be  driven  either  by  belt  or  silent  chain. 
When  gears  or  chains  are  used  it  is  necessary  to  drive  throusfa 
a  friction  clutch,  owing  to  the  great  inertia  of  the  runner, 
depending  upon  its  high  speed,  which  would  throw  heavy 
strains  upon  the  drive  and  the  runner  itself  if  the  motor  were 
abruptly  speeded  up  or  loaded  down. 

Air  C«Dled  Exhatut  Valves— The  exhaust  valve*  in  an  air 
cooled  motor— unless  auxiliftty  exhaust  ports  are  used— are 
subjected  to  unusually  severe  service,  owing  to  the  bi^  tcnv- 


Fig.  338.— Exhaust  Valve  HousnTO. 


penttnre  at  which  they  necessarily  work.  For  this  reuoa 
the  use  of  valve  cages  inserted  into  pockets  in  the  cylinder 
head  has  been  found  more  or  less  impractical.  It  is  a  better 
plan  to  make  the  valve  seats  in  the  shape  of  an  L  fitting,  ona 
branch  of  which  is  bolted  to  the  cylinder  head  and  the  other 
connected  to  the  exhaust  pipe,  as  shown  in  Fig.  338.  These 
valve  caungs  can  be  cast  with  cooling  ribs  so  as  to  further 
increase  the  coolinf  effect 
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There  are,  essentially,  two  methods  of  testing  a  gasoline 
motor,  viz.,  by  means  of  a  registering  pressure  indicator  and 
by  means  of  an  absorption  dynamometer.  We  will  take  up 
these  two  methods  in  succession,  but  will  first  briefly  de- 
scribe a  method  of  determining  the  compression  pressure  and 
the  explosion  pressure  in  the  individual  cylinders  of  a  multi- 
cylinder  engine. 

It  is  sometimes  attempted  to  deterinine  the  compression 
pressure  in  a  cylinder  by  means  of  a  pressure  gauge  con- 
nected to  it  directly,  by  turning  the  engine  over  by  hand. 
This  method  is  very  unsatisfactory,  however,  owing  to  the 
fact  that  when  the  engine  is  turned  over  slowly  a  slight 
leak  may  allow  a  great  deal  of  the  charge  to  escape,  and 
thus  the  compression  to  drop  much  below  its  normal  value  at 
running  speeds.  Besides,  when  the  cylinder  walls  are  cold, 
a  good  deal  of  the  heat  generated  by  the  compression  will  be 
absorbed  by  the  walls,  and  this  cooling  effect  will  also  reduce 
the  compression  pressure. 

The  Power  Indicator— A  device  designed  to  enable  one  to 
determine  the  correct  compression  and  explosion  pressures  is 
known  as  the  Gibson  power  indicator,  and  is  illustrated  in 
Fig.  339.  This  instrument  incorporates  a  pressure  gauge  indi- 
cating up  to  300  pounds  or  more  per  square  inch.  At  the  bot- 
tom of  the  gauge  proper  there  are  a  number  of  fittings,  in- 
cluding an  adjustable  leak  valve  A,  a  check  valve  B  and  a 
four-way  (for  a  four-cylinder  motor)  hand  operated  cock  C. 
The  action  of  the  instrument  will  be  readily  understood  by 
reference  to  the  cut  At  each  explosion  in.  the  cylinder  with 
which  the  gauge  is  put  in  communication  by  the  four- way 
cock,  a  small  quantity  of  burnt  gases  passes  through  the 
check  valve  B  into  the  tube  of  the  gauge,  so  that  in  an  in- 
stant the  pressure  in  the  gauge  is  the  same  as  the  maximum 
pressure  developed  in  the  cylinder.    The  gases  escape  from 
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the  indicator  through  the  leak  valve  <4  at  a  considerablj 
slower  rate  than  they  can  pass  to  the  indicator  through  the 
check  valve  B,  so  that  the  reading  of  the  indicator  will  de- 
crease with  decreasing  pressure  in  the  engine,  and  the  pointer 
will  return  to  zero  when  communication  with  the  engine  is 
shut  off.  By  means  of  the  four-way  cock  the  four  cylinders 
of  a  four  cylinder  motor  can  be  readily  tested  and  any  dif- 
ferences   in    their    explosion    pressures    noted.     The   comprei- 


Fic,  339. — Gibson's  Power  Indicator. 

sion  pressure  in  any  cylinder  can  be  determined  by  preventing 
ignition  in  that  cylinder  while  the  engine  is  running. 

In  the  regular  use  of  the  device,  when  the  engine  is  run- 
ning, if  the  ignition  be  imperfect  and  misfires  occur  the  action 
of  the  gauge  hand  will  be  erratic,  the  hand  advancing  a  con- 
siderable distance  and  then  slowly  returning  to  the  compres- 
sion pressure.  If  ignition  is  perfect  the  beat  of  the  hand  will  ' 
be  regular  and  can  be  adjusted  by  means  of  the  leak  valve 
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Piston  Type  Indicators— In  studying  the  internal  action  in 
the  /cylinders  of  steam  and  slow  speed  gas  engines  use  is 
made  of  a  so-called  engine  indicator  consisting  of  a  small 
pressure  cylinder  which  is  placed  in  communication  with  the 
working  cylinder,  and  a  piston  in  this  small  cylinder  with  a 
piston  rod  connected  through  a  suitable  linkage  with  an  arm 
carrying  a  pencil  at  its  free  end.  As  the  pressure  in  the 
working  cylinder  rises  and  falls  the  pencil  moves  up  and 
down  the  side  of  a  small  drum  which  carries  a  card  of  .white 
paper.  The  drum  is  simultaneously  rocked  back  and  forth 
around  the  axis  by  connection  with  the  crankshaft  or  some 
other  moving  part  of  the  engine.  The  simultaneous  motion 
of  the  drum  and  of  the  pencil  produces  on  the  card  a  co- 
ordinate diagram  with  abscissas  representing  piston  travel 
and  ordinates  representing  gas  pressure.  These  diagrams  were 
discussed  at  some  length  in  Chapter  III,  and  the  principle  of 
the  indicator  was  shown  diagrammatically  in  Fig.  5.  Unfor- 
tunately these  instruments,  in  spite  of  the  greatest  refine- 
ments, are  practically  useless  above  speeds  of  500  revolutions 
per  minute.  This  is  due  to  the  fact  that  the  inertia  of  the 
piston  and  other  reciprocating  parts  then  becomes  so  great 
as  to  seriously  affect  the  accuracy  of  the  diagram. 

The  Manograph. — ^The  manograph  is  an  optical  indicator  in 
which  the  place  of  the  pencil  carrying  arm  is  taken  by  a  ray 
of  light.  This  principle  was  first  suggested  by  Prof.  John 
Perry,  but  apparently  the  first  manograph  for  the  study  of 
gasoline  motors  was  made  for  Prof.  E.  Hospitaller,  of  the  Ecole 
de  Physique  et  de  Chimie  Industrielles,  of  Paris,  by  J.  Carpen- 
tier,  the  well  known  instrument  maker.  It  was  first  used  in  tests 
of  motors  exhibited  at  the  alcohol  exhibition  in  Paris  in  Oc- 
tober, 1901.  Since  that  time  it  has  been  further  developed, 
and  at  present  either  it  or  the  Schulze,  a  similar  instrument, 
is  used  in  nearly  all  automobile  engineering  laboratories  of  any 
pretension. 

The  construction  of  the  manograph  is  clearly  shown  by  the 
sectional  views  Figs.  340  and  341.  In  these  figures  A  is  the 
source  of  light.  In  the  original  instruments  an  acetylene 
light  was  used,  but  this  proved  rather  unsatisfactory,  and 
Mr.  Gibson,  the  importer  of  the  Hospitaller  instrument 
in  this  country,  substitutes  therefor  a  hand-operated  electric 
arc,  a  suitable  resistance  being  connected  in  circuit  with  the 
arc  so  as  to  insure  steady  operation.  A  pinhole  on  the  fo- 
cusing slide  B  allows  a  practically  parallel  ray  of  light  to  pass 
into  the  interior  of  the  instrument  and  fall  upon  the  total  re- 
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flection  prism  C.  This  prism  reflects  the  ray  of  light  onto  the 
■mall  concave  mirror  D,  which  reflects  it  onto  a  polished 
glass  screen  £,  which  forms  one  head  of  the  box  of  the  in- 
strument. The  mirror  D  is  located  in  the  centre  of  the  oppo- 
site head  of  the  box,  and  the  length  of  the  box  is  such  that 
the  focal  point  of  the  mirror  coincides  with  the  mat  surface 


Fic  340.— Part  Sectional  View  of  Hospitaliee  Manograph. 

of  the  ground  glass  screen.  The  resultant  point  of  light  is  so 
small  that  its  intensity  is  little,  if  any,  less  than  the  intensity 
of  the  light  at  the  pinhole,  and  the  motions  of  the  point  of 
light  on  the  plate  are  easily  followed  by  the  eye,  even  in 
broad  daylight. 

Conitmction  of  tbe  Inttrnraent— The  mirror  is  given  a  rock- 
ing motion  in  a  vertical  plane  proportional  to  the  fiuctuations  of 
the  pressure  within  the  engine  cylinder  tnd  %  rocking  motion  in  a 
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homontal  plane  proportional  to  the  travel  of  the  piston.  Refer- 
ring to  Fig.  341,  back  of  the  mirror  is  a  metal  plate  1-2-3  in 
the  form  of  a  right  angled  triangle.  This  plate  rests  upon 
tnree  supports,  at  its  three  comers,  respectively.  Point  i,  at 
the  right  angle,  is  stationary  in  space.  Point  2  is  displaced 
perpendicularly  to  the  plane  of  the  mirror  in  proportion  to 
the  pressure,  and  point  3  is  displaced  proportipnally  to  the 
distance  traversed  by  the  piston.  Point  2  of  the  plate  rests 
against  the  end  of  a  steel  rod  F,  the  other  end  of  which  bears 
against  the  centre  of  a  steel  diaphragm  G  clamped  between  the 
cap  H  and  plug  /.  From  the  plug  /  connection  is  made  to  the 
engine  cylinder  through  a  small  bore  copper  tube,  whereby  the 
pressure  acting  on  the  cylinder  is  communicated  to  the  dia- 
phragm chamber  G.  The  diaphragm  is  of  such  construction  that 
the  deflection  of  its  centre  is  as  nearly  as  possible  proportional 
to  the  pressure  acting  upon  it,  and  sometimes  consists  of  two 
discs  of  different  grades  of  steel  whose  errors  compensate  each 
other.  Thus  the  point  2  of  the  plate  back  of  the  mirror  will 
be  moved  a  distance  proportional  to  the  pressure  in  the  cylinder. 
Point  3  of  the  plate  back  of  the  mirror  rests  against  the  ^eel 
rod  J,  the  opposite  end  of  which  rests  against  one  arm  of  a 
double  armed  lever  K,  whose  other  arm  connects  through 
a  short  connecting  rod  L  to  a  small  crank  M.  The  shaft 
of  crank  M  carries  a  spur  pinion  meshing  with  another  spur 
pinion  N,  both  pinions  having  the  same  number  of  teeth.  Pinion 
N  is  connected  through  a  flexible  shaft  O  with  the  crank- 
shaft of  the  engine  under  test.  By  means  of  the  crank  and 
connecting  rod  mechanism  LM,  the  linear  motion  of  the  pis- 
ton is  reproduced  on  a  reduced  scale  and  impressed  upon  the 
sliding  rod  /.  The  mirror  is  constantly  pressed  against  its 
three  supports  by  the  spring  S,  The  reciprocating  motion  of 
the  rod  /  must  be  absolutely  in  phase  with  the  motion  of  the 
piston,  and  in  order  that  this  relation  may  be  attained  an 
adjusting  device  is  provided  which  is  arranged  as  follows: 
The  shaft  of  pinion  N  has  a  bearing  in  the  disc  P  concentric 
with  the  pinion  M,  This  disc  P  is  provided  with  worm  teeth 
with  which  meshes  a  worm  provided  with  a  thumb-wheel  Q. 
By  operating  the  thumb-wheel  Q  the  disc  P  can  be  moved 
around  its  centre  wherry  the  angular  relation  of  crank  M 
to  the  engine  crankshaft  is  changed.  When  the  motion  of 
the  pin  /  is  brought  into  absolute  phase  with  that  of  the  pis- 
ton, the  point  3  of  the  plate  back  of  the  mirror  will  be  moved 
in  direct  proportion  to  the  motion  of  the  engine  piston.  The 
beam  of  Ught  reflected  by  mirror  D  will  then  travel  up  and 
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down  on  the  screen  E  proportional  to  the  pressure  in  the  en- 
gine cylinder  and  transversely  across  the  screen  in  propor- 
tion to  the  motion  of  the  engine  piston.     Owing  to  the  per- 


sistence of  vision  the  diagram  appears  as  a  continuous  line 
which  may  be  examined  conveniently  or  traced  with  a  pencil 
on  tracing  paper.  By  putting  a  sensitized  plate  or  film  in  the 
place   of   the   ground   glass   plate,   the   diagram   may   be   photo- 
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graphed,  and  the  photograph  then  used  the  same  as  the  ordi- 
nary indicator  diagram. 

Sources  of  Error— There  are  several  sources  of  error  in 
this  instrument  which  it  may  be  well  to  point  out  here.  In 
the  first  place,  the  piston  motion  is  reproduced  accurately 
only  if  the  ratio  between  the  length  of  connecting  rod  L  and 
the  throw  of  crank  M  is  the  same  as  the  ratio  of  the  engine 
connecting  rod  length  to  engine  stroke.  The  length  of  con- 
necting rod  L  in  the  instrument  should  therefore  be  changed 
in  accordance  with  the  ratio  of  connecting  rod^  length  to 
length  of  stroke  in  the  particular  engine  under  test.  This,  how- 
ever, is  impractical  in  actual  work  with  the  instrument.  Another 
source  of  error  resides  in  the  flexible  shaft  and  its  connec- 
tions, which  will  twist  slightly  in  operation,  and  this  twist  will 
vary  with  the -speed  of  the  motor.  This  error  can  be  cor^ 
rected  to  a  certain  extent  by  means  of  the  thumb- wheel  ad- 
justment Q.  A  further  source  of  error  lies  in  the  copper  tube 
connecting  the  engine  cylinder  with  the  diaphragm  chamber.  If 
this  tube  is  made  very  small  in  diameter  and  of  considerable 
length,  its  resistance  to  the  flow  of  the  gases  may  cause  a  dif- 
ference in  pressure  to  exist  between  the  cylinder  and  the 
diaphragm  chamber.  On  the  other  hand,  if  the  tube  is  made 
of  fairly  large  bore  it  has  an  appreciable  effect  on  the  capacity 
of  the  compression  chamber,  and  if  it  is  made  very  short 
a  great  deal  of  heat  will  be  transmitted  to  the  diaphragm 
chamber,  which  may  affect  the  accuracy  of  the  diaphragm. 
The  Hospitalier  manograph  is  furnished  with  a  copper  tube 
of  }i  inch  bore  and  about  3  feet  in  length.  When  a  very 
short  length  of  tube  is  used  it  is  necessary  to  water-cool  it. 
A  single  cylinder  Hospitalier  manograph  complete  is  shown 
in  Fig.  342. 

Phase  Adjustment— The  first  operation  in  making  a  mano- 
graph test,  after  the  instrument  has  been  set  up  and  con- 
nected to  the  engine,  consists  in  adjusting  for  phase  equality. 
This,  as  already  explained,  is  done  by  means  of  the  thumb- 
wheel Q.  Suppose  that  the  engine  is  turned  over  by  hand. 
Then  during  the  compression  stroke  the  pressure /in  the  cyl- 
inder '  will  rise  to  near  the  normal  compression,  and  during 
the  following  down  stroke  it  will  drop  practically  along  the 
same  line.  If  there  were  no  leakage  and  no  interchange  of 
heat  between  the  gases  and  the  cylinder  walls  the  compres- 
sion and  expansion  curves  would  absolutely  coincide.  As 
a  matter  of  fact,  supposing  the  cylinders  to  be  tolerably 
airtight    and    to    be    cold,    the    compression    and    expansion 
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curves  when  the  instrument  is  properly  synchronized  will 
be  substantially  as  in  Fig.  343.  That  is  during  the  first 
part  of  the  expansion  the  curve  will  drop  a  little  below  the 
compression  curve,  owing  to  the  fact  that  heat  is  then  ab- 
sorbed by  the  cylinder  walls  from  the  gases,  while  during  the 
latter  part  of  the  expansion  the  expansion  curve  will  coincide 
with  the  compression  curve.  Therefore,  when  a  diagram 
like  Fig.  343.  is  obtained,  the  operator  knows  that  the  instru- 
ment is  in  phase  with  the  engine.  If  the  expansion  curve  falls 
much  below  the  compression  curve  during  the  first  part  of 
the  expansion  is  indicates  cylinder  leakage.  When  the  en- 
gine is  turned  over  while  the  communication  between  the 
cylinder  and  the  diaphragm  chamber  is  shut  off,  the  spot  of 
light  describes  a  straight  horizontal  line  on  the  screen,  which 


Fig.  343. — Comiression  Diagram  Used  for  Adjusting  the 

Phase  of  the  Manograph. 

represents  atmospheric  pressure,  and  is  known  as  the  atmos- 
pheric line. 

Studying  Ignition  and  Combttttion — In  some  investiga- 
tions, however,  it  is  advantageous  to  have  the  instrument  out 
of  phase  ¥ath  the  engine,  as,  for  instance,  when  trying  to  de- 
termine the  relative  rates  of  combustion  of  different  fuel 
mixtures.  This  factor  is  indicated  by  the  inclination  of  the 
explosion  line  in  the  diagram.  When  the  instrument  is  ad- 
justed in  phase  with  the  motor  the  explosion  takes  place 
while  the  rod  /  is  stationary  or  nearly  so,  and  any  slight 
variation  in  the  rapidity  of  combustion,   therefore,   does   not 
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appreciably  affect  the  diagram.  On  the  other  hand,  if  the  itt- 
strument  is  adjusted  so  as  to  be  90  degrees  out  of  phase  with 
the  engine,  the  piston,  and,  consequently,  the  rod  /  control- 
ling the  horizontal  motion  of  the  beam  of  light,  will  move 
at  its  maximum  speed  while  the  explosion  occurs,  and  any 
variation  in  the  rate  of  explosion  is  shown  on  a  much  larger 
scale.  A  diagram  taken  with  the  instrument  out  of  phase  by 
about  90  degrees  is  shown  in  Fig.  344. 

Four  Cylinder  Manographs— For  studying  a  multi-cylinder 
engine  one  manufacturer  recommends  the  use  of  a  mul- 
tiple manograph  for  taking  records  from  all  of  the  cylinders 
simultaneously.  If  all  of  the  cylinders  are  in  the  proper  working 
condition,  then  the  different  diagrams  taken  at  the  same  time  should 


Fig.  344. — Diagram  Taken  with  Crank  Motion  90  Degrees 

Out  of  Phase. 

be  absolutely  identical.  If  any  variations  are  shown  in  the  diagrams 
it  is  then  a  comparatively  easy  matter  to  trace  the  cause  of 
the  irregularity.  On  the  other  hand,  if  all  of  the  cylinders 
were  indicated  with  a  single  instrument  connected  to  one 
cylinder  after  another,  the  working  conditions  might  change 
during  the  interval  between  successive  records,  so  that  the 
different  diagrams  would  no  longer  be  directly  comparable. 
Fig.  345  shows  a  four  cylinder  Schulze  manograph  complete. 
There  is,  however,  something  to  be  said  in  favor  of  the  use 
of  a  single  instrument  on  engines  with  any.  number  of  cylinders. 
No  two  diaphragms  are  absolutely  identical  in  their  actions  and 
when  the  cards  from  the  different  cylinders  are  taken  with 
different  instruments,  the  differences  in  the  diaphragms  may  be 
responsible  for  some  of  the  differences  in  the  diagrams.    More- 
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Fig.  345. — Four  Cylinder  Schulze  Manograph. 

A,  fource  of  light  (Nemit  lamp);  B,  transmission  of  crank  motion. 

over,  by  means  of  bayonet  joints  the  single  instrument  can  be 
very  quickly  disconnected  from  one  cylinder  and  connected  to  the 
next 

Use  of  Manograph— One  use  of  the  manograph  consists  in 
determining  the  indicated  horse  power.  By  subtracting  the  brake 
horse  power  from  the  indicated  horse  power,  the  internal  friction 
losses  and  the  mechanical  efficiency  of  the  motor  are  found. 

The  area  enclosed  by  the  compression  and  expansion  curves 
represents  work  done  upon  the  piston  by  the  expanding 
gases.  Ip  case  portions  of  the  exhaust  and  compression 
curves  and  the  suction  curve  form  a  loop,  as  they  usually  do, 
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Fia  346. — High  Exhaust  Back  Pressure. 

(Skadcd  area  represents  negative  work.) 
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the  area  enclosed  by  them  (the  shaded  area  in  Fig.  346)  rei*- 
resenta  negative  work  and  must  be  subtracted  from  the  posi- 
tive work  represented  by  the  area  enclosed  by  part  of  the  ex- 
haust and  compression  curves  and  the  expansion  curve.  In 
order  to  Snd  the  indicated  horse  power  it  is  necessary  to  de- 
termine the  mean  height  of  the  diagram.  After  t'he  mean 
height  of  the  positive  work  area  and  the  mean  height  of  the 
negative  work  area  have  been  determined  and  their  di£Ference 
has  been  taken,  the  mean  effective  pressure  is  found  by  mul- 
tiplying this  difference  by  the  scale  of  the  diaphragm,  which 
is  generally  expressed  in  pounds  per  square  inch  per  inch. 
The  power  developed  by  the  cylinder  from  which  the  dia- 
gram was  taken  may  then  be  determined  from  the  formula 
jap-  M.E.P.  X  ^f  X3!X«  _  ■wb^ty.Af.E.P.  X  w, 
■     '     ■"       4X4X  12X  33'«'0       ~  116SOOO 


Flc.  347.— DiAGKAU  Taken  fkom  De  Dion  Motor. 


where  M.  E.  P.  is  the  mean  effective  pressure  as  determiiied 
from  the  diagram;  b  the  bore  of  the  cylinder  in  inches;  /  the 
length  of  stroke  in  inches  and  n  the  number  of  revolutions  per 
minute.  The  speed  of  the  engine  must  be  taken  at  the  same 
time  as  the  diagram,  if  the  indicated  horse  power  is  to  be  de- 
termined. 

The  other  and,  perhaps,  the  most  important  use  of  the 
manograph  consists  in  determining  faults  in  the  operation  of 
the  motor  due  to  defective  valve  setting,  ignition,  carbure- 
lion,  etc  If  the  engine  works  under  the  proper  conditions  it 
give*  a  diagram  very  closely  approximating  the  ideal  diagram. 
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fts  discussed  in  Chapter  III.  Prom  the  knovm  data  of  the 
cylinder  tinder  test  such  a  diagram  may  be  drawn,  and  the 
diagram  obtained  by  means  of  the  instrument  may  then  be 
compared  with  it. 

A  very  good  diagram  is  shown  in  Fig.  347.  This  was  taken 
by  Joseph  Tracy  with  a  Schulz^  manograph,  using  a  Nemst 
lamp  as  the  source  of  light,  from  a  single  cylinder  3^  b,  p. 
De  Dion  motor.  The  maximum  pressure  indicated  is  3 18 
pounds  per  square  inch,  and  the  mean  effective  pressure  59.8 
pounds  per  square  inch.  The  diagram  was  taken  at  1,33a 
r.  p.  m.  of  the  motor,  and  the  indicated  horse  power  is  equal 
103.4. 

Fig.  348  shows  a  diagram  taken  with  the  Schulie  manograph 


Fig.  348.— Diagrau  Taken  rxou  FsAtmus  Ant  Cooled  Uoitm. 

from  a  Franklin  air  cooled,  four  cylinder  motor  with  auxil- 
iary exhaust  ports.  This  also  corresponds  closely  to  the  ideal 
form.  A  striking  feature  of  this  diagram  is  the  sharp  devia- 
tion of  the  expansion  hne  at  the  point  where  the  auxiliary 
exhaust  port  begins  to  open.  However,  Fig.  347  shows  that 
a  quite  similar  effect  can  be  obtained  with  the  ordinary  me- 
chanically operated  exhaust  valve,  provided  it  is  opened  early 
enough.  An  example  of  the  effects  of  an  obstructed  exhaust 
and  consequent  high  back  pressure  during  the  exhaust  strokn 
is  seen  in  Fig.  346.  This  diagram  is  taken  from  a  paper  read 
before  the  Society  of  Automobile  Engineers,  descriptive  of 
some  tests  made  at  Cornell  University,  and  it  is  believed  that 
the  high  ba<k  pressure  was  due  to  the  fact  that  in  the  test 
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Fig.  349.— Diagram  Showing  Pre-ignition. 


a  muffler  was  connected  to  the  engine  very  close  to  the  ex- 
haust valves. 

A  diagram  indicating  too  early  ignition  (pre-ignition)  is 
shown  in  Fig.  349,  and  a  diagram  indicating  late  ignition  in 
Fig.  350. 

Fig.  351  shows  a  diagram  taken  from  one  cylinder  of  a  six 
cylinder  motor  in  which,  owing  to  the  firing  order  and  the 
arrangement  of  the  exhaust  manifold,  there  was  a  transference 
of  dead  gases  from  one  cylinder  to  another.  As  already  ex- 
plained in  a  previous  chapter,  the  little  loop  at  the  left  hand 
side  indicates  this  blowing  over.  The  explosion  and  expansion 
lines  indicate  a  slow  burning  mixture,  which  may  be  due  either 


Fig.  350.— Diagram  Showing  Too  Late  Ignition. 
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to  excessive  dilution  of  the  charge  with  4lead  gases,  to  poor 
carburetor  adjustment,  or  to  both. 

Manographs  are  usually  furnished  with  two  different  sets 
of  diaphragms,  one  a  high  pressure  set  for  indicating  the  cyl- 
inder while  in  regular  operation,  and  the  other  a  low  pressure 
set  for  studying  the  action  of  the  valves,  with  the  ignition 
cut  off.  The  Schulze  manograph  is  furnished  with  a  dia- 
phragm giving  a  scale  of  3  mm.  per  kilogram  per  square  cen- 
timetre (one  Inch  per  120  pounds  per  square  inch)  for  the 
regular  working  stroke,  and  a  diaphragm  giving  a  scale  of 
10  mm.  per  kilogram  per  square  centimetre  (one  inch  per  36 
pounds  per  square  inch)  for  compression  diagrams. 

The  ground  glass  screen  of  the  manograph  is  generally  so 
arranged  that  a  photographic  plate  holder  can  be  inserted  in 
its  place.  However,  Mr.  Gibson  has  devised  a  more  convenient 
method  for  photographing  the  diagram.  This  consists  in  at- 
taching a  Premo  film  pack  to  the  frame  of  the  screen.  Adjust- 
ments on  the  engine  are  made  while  the  ground  glass  screen 
covers  one  end  of  the  instrument  so  that  the  diagram  can  be 
seen  upon  it,  and  when  the  proper  shape  of  diagram  has  been 
obtained  the  frame  is  shifted  to  one  side  so  that  the  film  pack 
covers  the  end  of  the  box.  The  taking  of  a  photographic  dia- 
gram 18  then  the  work  of  an  instant  A  photographic  shutter 
inserted  between  the  source  of  light  and  the  mirror  insures 
that  the  pressure  variations  of  only  one  cycle  are  inscribed 
upon  the  photographic  plate,  so  that  the  diagram  gives  an  ac- 
curate record  of  that  cycle.  In  conjunction  with  this  shutter 
a  very  strong  source  of  light  is  required,  since  the  spot  of  light 
travels  over  the  sensitized  plate  only  once  and  considering  the 
spot  of  light  to  be  1-64  inch  in  diameter  it  can  be  easily 
figured  out  that  the  light  has  less  than  one  ten-thousandth  of 
a  second  to  act 


Fig.  351.— Diagram  Showing  Slow  (Combustion  of  Diluted 

Charge. 
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Dynamometers— -The  manograph  is  of  use  chiefly  in  deter- 
mining improper  gas  flow,  which  as  a  rule  is  due  to  defects  in 
^construction.  It  is  mainly  a  laboratory  instrument,  and  is  used 
only  on  engines  while  being  developed  experimentally.  In  con- 
nection with  such  problems  as  the  best  valve  timing,  sizes  of 
valves  and  sizes  and  location  of  ports  in  two  cycle  motors^  the 
manograph  may  render  valuable  service.  However,  the  chief 
aim  in  motor  development  is  always  increased  brake  horse  power, 
and  for  this  reason  the  testing  device  most  generally  used  and 
which  is  applied  to  every  motor  turned  out,  is  some  form  of 
power  brake  or  dynamometer  which  enables  the  tester  to  deter- 
mine the  power  output  directly. 

An  apparatus  for  determining  the  power  output  of  a  motor  is 
known  as  a  dynamometer.  Dynamometers  are  divided  into  two 
classes,  viz.»  absorption  dynamometers,  which  absorb  and  dissi- 
pate the  energy  output  of  the  motor,  and  transmission  dynamom- 
eters, which  are  inserted  between  the  motor  and  its  load  and  do 
not  absorb  any  part  of  the  motor  output  All  of  the  dynamom- 
eters which  are  practically  employed  for  testing  automobile 
motors  are  of  the  first  kind,  i.  e.,  absorption  dynamometers.  The 
most  primitive  form  is  known  as  the  Prony  brake. 

The  Prony  Brake— This  consists  of  a  pair  of  blocks  which 
can  be  applied  to  the  rim  of  the  fljrwheel  or  of  a  pulley  secured 
to  the  flywheel  or  crankshaft,  with  adjustable  pressure.  The 
friction  between  the  blocks  and  the  pulley  will  absorb  the  output 
of  the  motor  and  convert  it  into  heat  The  blocks  are  secured 
to  an  arm  whose  other  end  rests  upon  the  platform  of  a  beam 
scale  or  is  attached  to  a  spring  scale.  Referring  to  Fig.  352, 
when  the  motor  rotates  in  the  direction  indicated  by  the  arrow,  it 
will  cause  the  scale  to  indicate  a  pressure.  This  pressure  is  due 
^rtly  to  the  friction  of  the  blocks  on  the  drum  and  partly  to  the 
weight  of  the  arm.  Since  it  is  desired  to  determine  the  friction 
alone,  either  a  correction  must  be  made  for  the  weight  of  the 
arm  resting  on  the  scale  or  else  the  effect  must  be  eliminated  by 
providing  a  counterweight  on  the  side  opposite  the  arm,  so  the 
2:^ke  balances  around  the  centre  of  the  bore  of  the  brake  blocks. 

Let  the  radius  of  the  drum  be  r  and  the  distance  of  a  vertical 
line  through  the  point  of  contact  on  the  scale,  from  the  centre 
ai  rotation,  D.  Then,  when  the  motor  is  running  and  the  scale 
fadicates  a  pressure  IV,  the  friction  at  the  circumference  of  the 

drum  is  evidently  ^  JV.    If  the  speed  of  revolution  of  the  motor 

r 

Ite  n,  then  the  rubbing  speed  at  the  rim  of  the  pulley  or  flywheel 
is  2irrn  inches  per  minute,  and  the  power  dissipated  in  fric- 
tion is 


I 
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Fig.  352.— Pbony  Bkake. 
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The  Prony  brake  is  not  a  very  practical  inttrument  Some  dif- 
flculty  is  experienced  in  carrying  off  tlie  heat  generated  quickly 
enough.  This  problem  is  generally  solved  by  using  a  pulley  with 
a  rim  with  inwardly  turned  flanges  on  both  sides  and  directing 
a  stream  of  water  into  the  pulley.  The  friction  at  the  circum- 
ference changes  almost  continually,  owing  to  wear  and  to  the 
expansion  due  to  heating,  and  for  this  reason  it  is  not  possible 
to  extend  Prony  brake  tests  over  considerable  periods  under  fixed 
conditions. 

Tbe  Rope  Brake— An  im- 
proved form  of  friction  brake 
is  the  rope  brake.  The  type 
illustrated  in  Fig.  353  is  recom- 
mended by  the  American  So- 
ciety of  Mechanical  Engineers 
In  this  brake  the  friction  tends 
to  lift  tbe  weight,  and  is 
measured  by  the  difference  be- 
tween the  weight  If  <  and  the 
■cale  reading  when  the  pulley 
is  turning.  The  load  is  auto- 
matically adjusting,  which 
makes  this  brake  better  suited 
to  accurate  tests  than  the 
Prony  brake.  The  calculation 
of  the  power  obtained  in  a 
test  with  this  brake  is  similar 
to  the  calculation  for  the 
Prony  brake.  The  difference 
between  the  weight  W  and  the 
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indication  of  the  scale  is  the  equivalent  friction  at  the  centre  of 
the  rope,  and  the  power  may  therefore  be  found  in  the  most  con« 
venient  way  by  supposing  the  friction  surface  to  be  at  the  centre 
of  the  rope.  For  use  where  the  distance  of  the  pulley  or  flywheel 
from  the  floor  is  not  sufficient  to  allow  of  the  use  of  a  brake  of 
the  type  illustrated,  the  Society  of  Mechanical  Engineers  recom- 
mends a  similar  type  comprising  a  double  armed  lever  hung  from 
the  ceiling.  The  weight  is  hung  from  one  arm  of  the  lever  and 
to  the  other  arm  is  attached  the  rope,  which,  after  being  wound 
around  the  pulley  or  flywheel,  is  attached  to  a  spring  scale  an- 
chored to  the  floor  at  some  distance  from  the  pulley. 

The  Fan  Djmamometer— The  fan  dynamometer,  which  was 
first  introduced  in  1902  by  Colonel  Renard,  of  the  firm  of  Panhard 
&  Levassoi:,  of  France,  consists  merely  of  a  wooden  beam  bolted 
to  the  end  of  a  horizontal  shaft  and  carrying  two  square  discs 
of  aluminum,  which  may  be  moved  farther  in  toward  the  shaft 
or  farther  out  from  it,  as  desired.  Small  sizes  of  the  d3mamometer 
may  be  mounted  directly  upon  the  crankshaft  of  the  engine  to  be 
tested,  but  in  the  larger  sizes  it  is  preferable  to  fix  the  beam  to 
a  special  shaft  which  is  mounted  in  ball  bearings  in  a  bearing 
housing  bolted  to  a  supporting  frame.  At  its  free  end  this  shaft 
is  provided  with  a  member  of  a  universal  joint,  so  it  can  be  con- 
nected to  the  crankshaft  by  means  of  an  intermediate  shaft  and 
two  universal  joints.  The  advantages  of  a  dynamometer  of  this 
type,  as  compared  with  a  Prony  brake,  are  obvious.  The  resist- 
ance does  not  change  as  the  test  proceeds,  and  the  problem  of 
keeping  the  device  from  overheating  does  not  arise. 

As  the  dynamometer  was  originally  constructed  by  O>lond 
Renard  the  beam  was  made  of  ash  and  provided  with  two  alu- 
minum discs  secured  by  two  bolts  each.  To  allow  of  the  distance 
of  the  discs  from  the  centre  line  of  rotation  being  varied,  each 
arm  of  the  beam  was  drilled  with  eleven  bolt  holes,  equidistant 
from  each  other.  These  eleven  holes  admitted  of  ten  different 
positions  of  the  discs.  Ten  intermediate  positions  were  obtain- 
able by  means  of  extra  holes  in  the  discs,  as  shown  in  Fig.  354. 
The  distance  between  holes  was  5.5  centimetres  (22  inches),  the 
total  length  of  the  instrument  52.8  inches,  ^and  the  complete 
weight  26.4  pounds. 

The  resisting  torque  of  a  fan  dynamometer  is  proportional  to 
the  square  of  the  angular  velocity,  and  the  power  absorbed  tc 
the  cube  of  the  angular  velocity.  Both  the  resisting  torque  and 
the  power  absorbed  are  also  proportional  to  the  density  of  the 
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atmojphere,  which  varies  with  the  thermometer  and  barometer 
readings.  This  type  of  dynamometer  is  particularly  valuable 
for  adjusting  a  motor.  A  position  for  the  disc  is  first  foimd 
experimentally  which  allows  the  motor  to  run  at  about  its  normal 
speed  Then  the  tester  begins  to  make  his  adjustments,  and  any 
improvcmCDt  in  the  adjustmeate  is  indicated  by  an  increase  in 


On 


Fig.  354.— Renakd  Fan  DvtiAMoiiETaL 


the  speed  of  the  motor.  When  it  is  desired  to  rapidly  tot  «  con- 
siderable number  of  motors  of  the  tame  size,  the  best  position 
of  the  fan  discs  is  first  determined.  AU  of  the  motors  should 
run  at  the  same  angular  speed,  and  if  any  motor  faila  to  come 
up  to  the  speed  shown  by  the  others,  it  is  a  sign  that  it  is  de- 
fective in  some  way. 
It  has  been  proved  both  by  calculation  and  by  expcriinentt  dial 
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for  fans  of  proportional  dimensions  throughout  the  power  co- 
efficient varies  as  the  fifth  power  of  the  ratio  of  linear  dimensions. 
This  law  was  verified  by  means  of  experiments  with  two  instru- 
ments the  linear  dimensions  of  which  bore  to  each  other  the 
ratio  of  2.2.  The  fifth  power  of  22  being  equal  to  51.54,  the  co- 
efficient of  the  larger  dynamometer  should  be  equal  to  that  of 
the  smaller  one  multiplied  by  51.54.  In  spite  of  the  inevitable 
experimental  errors  and  inaccuracies  of  construction,  this  rela- 
tion was  found  to  hold  very  well  for  all  positions  of  the  discs 
on  the  beam. 

When  a  dynamometer  is  constructed  with  dimensions  of  re- 
volving parts  bearing  to  each  other  relations  different  from 
those  given  in  the  table  below,  it  is  necessary  to  calibrate  the 
instnmient  by  means  of  some  standard  form  of  dynamometer. 
Then,  when  it  is  desired  to  build  larger  or  smaller  instruments 
and  adhere  to  the  same  proportions  of  parts,  all  that  is  neces- 
sary is  to  multiply  the  power  factor  found  for  the  first  instnmient 
by  the  fifth  power  of  the  ratio  of  the  linear  dimensions  in  the 
original  and  new  instruments  respectively.  Colonel  Renard  found 
a  difference  of  less  than  one-half  of  1  per  cent,  in  the  power  indi- 
cations of  a  number  of  dynamometers  of  the  same  size  constructed 
with  ordinary  care,  and  he  expressed  a  belief  that  with  all-metal 
construction  the  difference  would  be  smaller.  The  relative  di- 
mensions of  the  parts  of  the  Renard  fan  dynamometer,  expressed 
as  a  function  of  the  modulus  a  (distance  between  adjacent  bolt 
holes),  are  as  follows: 

Distance   between   holes a 

Length   of   beam 24  a 

Thickness    of    beam a 

Width    of    beam 2  a 

Side  of  square  discs 60/1 1  a 

Thickness  of   discs 4/55  a 

Diameter  of  bolts 10/55  a 

Diameter    of    shaft 40/55  a 

Number  of  holes  in  each  arm  of  beam 11 

Distance  from  the  centre  to  the  outermost  hole 11  a 

The  maximum  power  for  which  a  dynamometer  of  this  kind 
may  be  used  is  determined  by  the  limit  of  speed  at  which  the  law 
of  proportionality  of  the  air  resistance  still  holds  and  by  the 
limit  of  fibre  stress  in  thp  beam.  In  experiments  a  peripheral 
velocity  of  328  feet  per  second  has  been  obtained,  but  it  is  possi- 
ble that  the  law  of  the  square  of  the  speed  holds  at  still  higher 
velocities.  The  fibre  tension  in  the  beam,  on  the  other  hand,  is 
limited  to  1,400  pounds  per  square  inch,  which  with  selected  ash 
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wood  gives  a  safety  factor  of  7  to  8.  By  combining  these  two 
conditions  the  limits  of  the  range  of  a  given  dynamometer  arc 
easily  determined,  as  regards  both  angular  speed  and  power.  It 
can  easily  be  demonstrated  that  all  fans  of  proportional  dimen- 
sions have  the  same  factor  of  safety  when  running  at  the  samr 
peripheral  speed.  This  equality  of  the  safety  factor  applies  not 
only  to  the  beam  but  also  to  the  discs,  the  bolts  and  the  shaft 


Fig.  355— Tracy  Fan  Dynamometer. 
An  improved  type  of  fan  dynamometer  is  made  by  Joseph 
Tracy,  of  New  York,  and  is  illustrated  in  Fig.  355.  It  has  a 
metal  base  and.  is  provided  with  a  tachometer  and  power  indi- 
cator, the  instrument  having  two  scales,  reading  in  revolutions 
per  minute  and  horse  powers  respectively.  In  the  regular  use  of 
a  fan  dynamometer  the  fan  must  be  covered  with  a  heavy  wire 
screen  for  the  sake  of  safely. 
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If  a  steel  beam  is  uaed  in  a  fan  brake,  of  a  section  compara- 
tively narrow  and  long,  the  power  absorbed  will  be  substantially 
proportional  to  the  area  of  the  movable  plates  and  to  their  dis- 
tance from  the  axis  ot  rotation.  Furthermore,  if  the  beam  is 
slightly  offset  at  the  centre  where  it  is  secured  to  the  shaft,  so  that 
the  two  plates  are  both  in  the  same  plane  through  the  axis  of  the 
shaft,  then  when  the  beam  is  drillea  with  equidistant  holes  the  in- 
crease or  decrease  in  the  centre  distance  of  the  plates  from  the 


IP^iralutleita  fr-  Minute. 
Fig.  356.— Fan  Ovnamometui  Calibration  Curve. 


axis  of  rotation  as  the  plates  are  moved  farther  out  or  in  will 
be  proportional.  The  theory  of  such  an  instrument,  therefore, 
will  be  somewhat  simpler  than  that  of  the  wood  beam  fan. 
However,  the  relation  between  the  power  absorbed  and  the 
position  of  the  plate  on  the  beam  is  a  very  complicated  one, 
and  it  is  usual  practice  to  determine  the  power  absorbed  by  such 
a  dynamometer  for  the  difFerent  positions  o£  the  plates  experi- 
mentally and  prepare  a  set  of  curves  from  which  the  horse  power 
absorbed  at  any  given  speed  of  revolution  and  any  given  position 
of  the  plates  can  be  read  off  directly.     Experiments  conducted 
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by  Prof.  W.  Morgan  and  £.  B.  Wood,  of  England,  have  shown 
that  the  horse  power  absorbed  varies  directly  as  the  third  power 
of  the  number  of  revolutions  per  minute,  and  the  calibration 
curves  shown  in  Fig.  356  bear  out  this  result.  The  latter  apply  to 
a  fan  dynamometer  of  the  type  described  above,  with  steel  beam, 
with  plates  12  inches  wide  by  8  inches  radial  depth.  The  figures 
on  the  individual  curves  denote  the  radial  distances  from  the 
axig  of  rotation  to  the  geometrical  centre  of  the  plates. 


Fig.  357. — Cradle  Dynamometer. 


Electric  Cradle  Dsmamometer— Perhaps  the  most  practical 
device  for  making  accurate  horse  power  tests  on  a  motor  is 
the  electric  cradle  dynamometer.  This  consists  of  a  dynamo 
of  the  circular  field  frame  type.  The  field  frame,  instead  of 
being  rigidly  bolted  to  the  base  or  cast  integral  therewith,  is 
supported  in  two  large  radial  ball  bearings  on  pedestals  rising 
from  a  cast  iron  base.  The  armature  shaft  is  connected  to  the  shaft 
of  the  motor  to  be  tested  through  a  flexible  coupling.  A  sketch 
of  such  a  dynamometer  is  shown  in  Fig.  357.  When  the 
armature  is  rotated  by  the  gasoline  motor  it  exerts  a  turning 
effort  on  the  field  frame  A  and  tends  to  carry  the  latter  around 
with  it  Two  radial  arms  extend  from  the  field  frame,  one,  B, 
for  measuring  the  pull  exerted  by  means  of  a  scale,  and  the 
other,  C,  for  balancing  the  former.  Current  is  induced  in  the 
armature  of  the  generator,  the  same  as  in  the  ordinary  dynamo, 
and  this  may  be  used  in  lighting  up  a  bank  of  incandescent 
lamps  or  it  may  be  dissipated  in  a  water  rheostat.  The  pressure 
exerted  by  the  lever  arm  on  the  scale  is  equivalent  not  only  to 
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the  electromagnetic  reaction  between  the  armature  and  fidd 
frames  but  also  to  the  armature  bearing  friction  and  the  commu* 
tetor  brush  friction,  and  the  only  item  not  included  in  this 
pressure  is  the  friction  in  the  ball  bearings  supporting  the  field 
fram^  which  is  nes^igible,  however.  The  method  used  in  con- 
nection with  such  a  dynamometer  for  calculating  the  horse  power 
is  exactly  the  same  as  that  used  in  connection  with  the  frictioa 
brake,  and  the  same  formula  can  be  usedi  it  c* 

DJVn 
^'  ^*  "  63.025 

As  in  the  cases  of  all  other  dynamometers,  torque  and  speed 
measurements  must  be  made  simultaneously,  and  for  this  reason 
a  tachometer  is  generally  mounted  on  top  of  the  dynamometer. 

Fig.  358  shows  a  dynamometer  installation  at  the  laboratory  of 
the  Automobile  Qub  of  America  by  the  Diehl  Manufac- 
turing Co.,  of  Elizabeth^  N.  J.  The  installation  comprises  a 
large  cast  iron  base  with  adjustable  standards  to  take  motors  of 
all  sizes,  an  electric  cradle  dynamometer  and  a  switchboard.  The 
dynamo  has  a  capacity  of  64  horse  power  at  2,000  revolution^ 
but  will  stand  an  overload  of  90  horse  power  at  1,500  revolutions 
per  minute  for  short  periods  of  time.  The  dynamometer  arm  in 
this  case  is  3  feet  long,  measured  from  the  centre  of  the  dynamo, 
and  is  provided  with  a  knife  edge,  to  insure  absolute  correctness 
of  the  length  of  the  effective  lever  arm.  A  feature  of  the  dynamo 
is  that  it  is  provided  with  commutating  poles,  the  object  of  which 
is  to  prevent  sparking  at  the  commutator  under  all  conditions  of  load 
without  adjustment  of  the  brushes.  The  dynamo  is  also  capable 
of  operating  as  a  motor,  and  by  means  of  a  starting  rheostat  on 
the  switchboard  can  be  used  to  start  the  engine. 

The  electrical  energy  developed  during  a  run  is  dissipated  in 
the  resistance  boxes,  and  in  case  of  necessity  a  water  rheostat 
may  be  used  in  addition.  These  resistance  boxes  are  controlled 
by  individual  switches  mounted  on  the  lower  part  of  the  switch- 
board, and  the  load  can  be  varied  from  5  amperes  at  220  volts 
(slightly  over  one  horse  power)  up  to  the  maximum  capacity  of 
the  machine.  In  the  centre  of  the  switchboard,  Fig.  359,  are 
rheostats  for  coarse  and  fine  adjustments,  respectively,  the  two 
being  connected  in  series.  It  is  claimed  that  the  resistance  can 
be  so  finely  adjusted  that  it  is  possible  to  keep  the  beam  of  the 
scale  in  a  floating  position.  A  voltmeter  and  an  ammeter  fitted 
to  the  sides  of  the  switchboard  on  top  give  indications  from 
which  the  output  of  the  dynamo  can  be  calculated,  and  if  the 
efficiency  of  the  dynamo  at  different  outputs  is  known,  the  input. 
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FlG.  359. — SwiTCHBOASD  OF  Dtkauoueteb  Installatioh. 

which  is  equal  to  the  output  of  the  motor  under  test,  can  also 
be  ascertained  electrically,  thus  furnishing  a  check  on  tfie 
mechanical  determination  of  the  power. 

Hydraulic  Dynunometeri — Another  type  of  dynamometer 
used  in  testing  autoniobile  motors  is  the  hydraulic  dynamometer. 
One  of  these  instruments,  as  used  in  the  plant  of  the  American 
Locomotive  Works,  Providence,  R.  I.,  is  shown  in  Fig.  360.  The 
instrument  comprises  a  stator  and  a  rotor.  The  rotor  consists  of 
four  steel  discs,  40  inches  in  diameter  and  }i  inch  thidc,  securely 
keyed  to  a  substantial  shaft  driven  from  the  motor  under  test 
through  a  universal  jointed  shaft  and  multiple  disc  clutch.  The 
brake  discs  revolve  in  four  separate  compartments  within  the 
casing,  but  dear  the  walls  in  all  directions  by  H  inch,  the  only 
metallic  contact  between  the  rotor  and  the  stator  being  in  tbr 
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bearings  which  cany  the  shaft  The  casing  is  free  to  revolve 
through  a  small  angle  and  its  motion  is  practically  frictionlesSp 
owing  to  the  special  method  of  mounting  it.  An  arm  projects 
from  the  periphery  of  the  casing,  the  end  of  which  is  linked  to  a 
steel  beam  supported  on  knife  edges  by  a  pillar  in  the  same  man- 
ner as  the  beams  of  platform  scales,  the  whole  forming  a  com- 
pound lever  which  is  balanced  by  means  of  an  adjustable  weight 
The  scale  beam  is  graduated  to  read  pounds,  and  by  means  of  a 
vernier,  tenths  of  pounds,  a  sliding  weight  being  moved  along 
the  beam  by  means  of  a  screw  and  hand  wheel  so  arranged  as 
not  to  disturb  the  balance.  The  leverage  of  the  beam  is  so  cal- 
culated that  at  1,000  revolutions  per  minute  one  pound  represents 
one  horse  power.  Thus  the  horse  power  can  be  read  off  directly  at 
1,000  revolutions  per  minute,  and  at  other  speeds  it  can  be  obtained 
by  simply  multiplying  the  weight  by  the  speed  and  dividing  by 
i,oaa 

When  it  is  desired  to  make  a  brake  reading,  the  rotor  is  first 
engaged  by  means  of  the  multiple  disc  clutch.  Water  is  then 
admitted  to  one  of  the  end  compartments  near  the  shaft,  and  its 
flow  regulated  by  an  ordinary  globe  valve.  Centrifugal  force 
carries  the  water  out  to  the  periphery  of  the  disc,  and  creates  a 
high  pressure,  the  water  then  serving  as  a  friction  medium  be- 
tween the  steel  disc  and  the  walls  of  the  compartment  As  a 
result,  the  casing  tends  to  rotate  with  the  disc  in  direct  proportion 
to  the  friction,  and  hence  to  the  torque.  Whatever  friction  results 
from  the  rotation  of  the  shaft  in  the  bearings  of  the  brake  casing 
has  a  tendency  to  revolve  it  in  the  same  direction ;  therefore,  the 
entire  power  developed  by  the  motor  is  accounted  for  by  the 
weighing  apparatus,  which  counteracts  the  tendency  of  the  casing 
to  rotate. 

If  one  disc  or  compartment  is  not  capable  of  absorbing  the 
total  power  of  the  motor,  the  compartment  at  the  other  end  of 
the  casing  can  be  brought  into  service,  and  the  water  in  these 
compartments  may  be  transferred  to  the  inner  compartments  by 
means  of  by-pass  valves,  thus  bringing  all  four  discs  into  use 
in  absorbing  the  maximum  power  of  which  the  brake  is  capable. 
By  varying  the  quantity  of  water  in  the  compartments  a  very 
flexible  control  is  obtained.  This  is  done  by  regulation  of  the 
inlet  and  outlet,  or  drain,  valves.  The  mechanical  energy  of  the 
motor  is  converted  into  heat  inside  the  brake  and  is  carried 
off  by  the  water,  the  temperature  of  which  is  usually  kept  below 
ISO  degrees  Fahr.  The  brake  water,  as  well  as  the  jacket 
water,  can  be  cooled  in  a  radiator  and  used  over  and  over. 
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Fttel  Consumption  Tests — In  developing  a  motor  experi- 
mentally as  well  as  in  determining  the  effect  of  different  carbu- 
retors, carburetor  adjustments  or  ignition  equipments,  it  is  often 
desirable  to  make  a  test  of  the  fuel  consumption  of  the  motor. 
This  is  readily  accomplished  by  means  of  a  graduated  fuel  tank, 
as  illustrated  in  Fig.  361.  Tank  A  is  made  of  sheet  metal,  and 
is  of  small  but  uniform  cross  section,  so  that  if  a  certain  amount 
of  fuel  is  drawn  it  will  make  quite  a  difference  in  the  level  of 
the  fuel  The  supply  pipe  leading 
the  carburetor  leaves  the  tank 
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at  the  bottom,  and  an  extra  outlet 
with  a  nozzle  B  may  be  provided, 
which  is  convenient  for  filling  a 
priming  can.  The  glass  tube  C  is 
connected  to  the  tank  at  its  upper 
and  lower  ends,  and  is  graduated 
in  pounds  by  means  of  a  paper  or 
linen  scale  pasted  to  it,  or  a  wooden 
scale  firmly  fastened  back  of  it 
The  difference  between  the  scale 
readings  at  the  beginning  and  end 
of  a  run  gives  the  fuel  consump- 
tion during  the  run.  Under  ordi- 
nary conditions  the  lever  cock  D 
inserted  in  the  feed  pipe  of  the 
graduated  tank  remains  open,  the 
fuel  then  merely  passing  through 
the  tank,  but  when  a  fuel  test  is 
to  be  made  this  cock  is  closed  and 
at  the  same  time  the  tank  is  vented 
so  as  to  prevent  the  formation  of 
a  vacuum  as  the  level  of  the  fuel 
in  the  tank  drops. 

A  distinction  must  be  made  be- 
tween testing  motors  in  the  ex- 
perimental development  of  the  de- 
sign and  testing  the  regular 
factory  product.  In  the  former  case  great  accuracy  is  essential* 
and  methods  may  be  employed  which  would  be  impractical  in  the 
regular  testing  of  the  stock  product. 

^'Running  In*' — ^After  the  motor  is  assembled  it  is  first  sub- 
mitted to  a  process  known  as  "running  in,"  which  consists  in 
limbering  up  the  bearings  by  running  it  from  a  separate  source 
of  power  for  from  two  three  hours.    With  the  small  clearances 
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allowed  for  in  the  bearings,  pistons,  etc.,  the  motor,  after  as- 
sembling, is  usually  very  stiff,  and  may  require  as  much  as  50  to 
60  per  cent  of  its  normal  power  output  to  run  it.  All  of  this 
power  is  converted  into  heat,  and  in  order  that  the  heat  may 
be  carried  off  rapidly  from  the  bearings  where  it  is  generated, 
and  that  cutting  at  the  bearing  surfaces  may  be  prevented,  the 
motor  is  flooded  with  oil,  the  crank  case  being  Blled  with  a 
heavy  grade  of  oil  to  a  much  greater  height  than  in  regular 
operation.  For  this  test  the  motor  is  not  piped  up  and  the  caps 
over  the  valves  are  left  out.  Some  of  the  oil  will  be  forced  out 
through  the  exhaust  plug  openings  and  spark  plug  holes,  etc., 
and  in  order  to  prevent  waste  of  expensive  oil  it  is  a  good  plan 
to  cover  the  motor  with  a  sheet  metal  hood  and  place  an  inclined  • 
pan  under  it,  so  that  all  oil  blown  out  will  be  caught  and  col- 
lected in  a  tank  placed  underneath  the  lower  end  of  the  inclined 
pan. 

After  the  bearings  have  been  run  in  the  motor  is  connected 
up  with  a  gasoline  tank,  ignition  outfit,  water  supply,  etc  Gaso- 
line tanks  and  ignition  outfits  are  usually  secured  to  the  wall  or 
to  standards  near  each  testing  stand.  If  water  is  plentiful  it  may 
be  taken  from  the  regular  factory  supply  and  discharged  into 
the  sewer  after  passing  through  the  cylinder  jackets,  but  if  it 
is  scarce  a  large  cooler  may  be  set  up  with  a  blower,  for  cooling 
the  water  and  thus  using  it  over  and  over. 

After  the  connections  have  been  made  a  little  gasoline  is 
injected  into  each  cylinder  through  the  pet  cocks,  the  pet  cocks 
are  closed,  the  spark  lever  is  set  for  a  late  spark,  the  throttle  is 
opened  about  half  way,  and  the  engine  is  started  by  means  of 
the  crank.  Most  likely  it  will  start  off  on  one  of  the  first 
attempts.  The  tester  then  immediately  advances  the  spark  and 
cuts  down  the  throttle  opening,  if  necessary,  to  obtain  a  speed 
somewhat  below  normal.  At  this  speed  the  engine  is  allowed 
to  run  without  load  for  a  couple  of  hours.  During  this  test,  and 
particularly  during  the  test  under  half  or  three-quarters  load 
which  follows,  the  tester  carefully  watches  the  bearings  with 
respect  to  heating,  and  also  watches  for  knocks  or  other  irregu- 
larities in  the  operation  of  the  motor.  If  such  an  irregularity 
develops  it  can  often  be  localized  by  short-circuiting  the  spark 
plug  first  of  one  cylinder  and  then  of  another,  thus  cutting  that 
cylinder  out,  and  noting  the  effects.  In  the  final  test  the  brake 
horse  power  is  determined,  the  motor  being  adjusted  until  it 
shows  the  amount  of  power  which  has  been  decided  upon  by  the 
engineering  staff  as  the  standard  to  be  obtained  from  that  type 
and  size  of  motor. 
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Testlnf  Stands — Various  tnethods  are  in  use  for  mounting 
and  driving  the  motors  during  the  "running  in"  process.  In  some 
factories  a  portable  electric  motor  is  used  which  is  moved  from 
stand  to  stand  and  connected  to  the  motor  to  be  "run  in"  by 
means  of  a  belt  over  the  motor  pulley  and  the  engine  flywheel. 
In  other  instances,  the  "running  in"  stands  are  arranged  in 
two  rows  midemeath  a  line  shaft  and  the  motors  are  ran  by 
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belts  from  the  line  shaft  Since  in  a  factory  o(  large  size 
there  are  always  more  motors  under  test  running  under  their 
own  power  than  being  "run  in,"  it  is  possible  to  drive  the  line 
shaft  from  the  motors  operating  under  power.  Finally,  the 
lest  stands  may  be  arranged  in  sets  of  two,  one  containing  a 
motor  to  be  run  in  aiid  one  a  motor  to  be  tested  under  power, 
and  the  two  motors  connected  to  each  other  by  a  quickly  ap- 
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plied  coupling.  The  line  shaft  method  is  probably  employed 
the  most.  Fig.  362  shows  a  testing  stand  designed  to  take 
engines  of  different  sizes  and  to  permit  of  quickly  securing  the 
engine  in  position  and  removing  it 

Defects  in  Valve  Timing— If  the  motor,  upon  being  started 
mder  its  own  power,  does  not  operate  satisfactorily,  but  shows 
a  serious  lack  of  power,  it  may  be  due  to  incorrect  timing  of 
the  valves.  The  camshaft  gears  may  have  been  improperly 
meshed  in  assembling,  or  the  valve  lifters  may  not  be  properly 
adjusted.  It  is  now  customary,  at  least  in  the  case  of  the  higher 
grade  motors,  to  mark  the  points  of  valve  opening  and  closing  on 
the  flywheel  and  secure  a  pointer  to  the  rear  cylinder  extending 
across  to  the  flywheel  rim.  As  indicated  in  Fig.  563,  the  marks 
on  the  flywheel  show  when  the  crankshaft  is  in  the  dead  centre 
position  and  when  each  of  the  different  valves  should  begin  to 
lift  and  should  close.  Therefore,  if  the  motor  fails  to  develop 
the  usual  amount  of  power,  the  tester  should  observe  whether 


Fig.  363. — Valve  Timing  Marks  on  Flywheel. 

each  of  the  valves  actually  begins  to  lift  when  the  pointer  is 
opposite  the  mark  on  the  flywheel  which  indicates  the  opening 
position  for  that  valve,  and  closes  when  the  pointer  is  oppo- 
site the  mark  indicating  the  closing  position  for  the  valve. 
These  marks  are  put  on  the  flywheel  after  the  engine  is 
assembled  and  the  proper  points  for  the  marks  are  in  the 
first  place  determined  as  follows:  Suppose  that  we  have  a 
4x5  engine  with  a  16  inch  fl)rwheel  and  that  the  exhaust  valve 
is  to  begin  to  open  40  degrees  ahead  of  the  bottom  dead  centre. 
Then  the  distance  along  the  circumference  of  the  flywheel  cor> 
responding  to  the  advance  of  exhaust  opening  is 

360 
The  lengths  of  arc  corresponding  to  the  exhaust  valve  closing 
lag,  the  inlet  valve  opening  lag  and  closing  lag  can  be  found 
in  the  same  way.     When    scribing    the    marks    upon    the    fly 
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wheel  rim,  the  first  thing  to  do  is  to  determine  the  two  dead 
centre  positions.  To  this  end  the  plug  or  cock  in  the  centre 
of  the  cylinder  head  is  removed  and  a  rule  or  rod  is  inserted 
through  the  opening  and  rested  on  top  of  the  piston.  The 
crankshaft  is  then  turned  until  the  piston  is  from  i  to  iH 
inches  from  the  top  end  of  its  stroke.  Then  a  scratch  awl 
mark  is  made  on  the  fl3rwheel  rim  at  a  point  opposite  the  sta- 
tionary pointer.  Next  the  crankshaft  is  turned  over  the  dead 
centre  until  the  piston  is  again  the  same  distance  from  the 
top  of  the  stroke,  and  another  mark  is  made  on  the  flywheel 
rim  opposite  the  stationary  pointer.  The  distance  between  the 
two  marks  on  the  rim  is  then  halved,  and  at  the  point  midway 
between  the  marks  the  top  dead  centre  mark  is  inscribed.  In  a 
four  cylinder  motor  this  mark  corresponds  to  the  top  dead 
centre  position  of  two  of  the  cranks  and  the  bottom  dead 
centre  position  of  the  other  two,  except  if  the  crankshaft  is 
offset.  The  other  dead  centre  position  is  directly  opposite  and 
can  be  found  in  the  same  way.  Of  course,  the  dead  centre  po- 
sition can  be  found  directly  by  turning  the  crankshaft  over 
and  noting  the  inserted  rod  rise  and  fall  with  the  piston,  the 
dead  centre  position  being  reached  when  the  rod  stops  rising. 
But  this  method  is  not  as  accurate  as  the  one  previously  de- 
scribed. The  positions  for  other  marks  are  then  laid  off 
by  means  of  a  tape  scale. 

Having  the  marks  on  the  flywheel,  the  tester  can  determine 
whether  the  valves  actually  begin  to  lift  and  finally  close  at  the 
intended  moments.  The  push  rods  should  be  so  adjusted  that 
when  the  valve  is  seated  there  is  a  slight  clearance  between 
their  top  and  the  bottom  of  the  valve  stem,  so  that  a  sheet  of 
thin  paper  may  be  inserted  between  them.  When  the  valve  be- 
gins to  lift  the  paper  will  be  clamped  between  the  two  parts  and 
it  is  then  impossible  to  withdraw  it  If  this  first  occurs  when 
the  valve  timing  pointer  is  opposite  the  valve  opening  mark,  the 
valve  is  properly  timed  as  to  its  opening.  Should  it  be  found 
that  all  of  the  valves  are  out  in  their  timing  in  a  certain  way — 
that  is,  either  too  early  or  too  late — it  is  a  sign  that  the  camshaft 
gears  were  improperly  meshed  in  assembling  and  the  trouble 
can  be  corrected  by  shifting  one  of  the  gears  around  one  tooth 
or  several  teeth,  as  the  case  may  require.  If  only  one  or  two 
of  the  valves  are  improperly  timed,  the  only  remedy  short  of  fit- 
ting another  cam  or  camshaft,  consists  in  adjusting  the  push  rods. 

Location  of  Knocks — Among  the  more  serious  defects  which 
may  be  found  in  a  new  motor  is  a  knock  in  one  of  the  bearings 
or  elsewhere.    When  such  a  defect  is  present  it  is  readily  de- 
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tected  by  the  ear,  but  ita  exact  location  is  a  problem  that  ii  not 
so  easily  settled.  Knocking  is  generally  due  to  looseness  in  some 
part,  most  frequently  in  the  connecting  rod  bearings  and  at  cfae 
joint  of  the  flywheel  with  the  crank  shaft  It  requires  a  free 
play  of  only  a  few  thousandths  of  an  inch  to  produce  aa  audible 
knock,  and  any  slight  defect  in  the  workmanship,  therefore,  may 
bring  on  this  trouble.  The  location  of  the  knock  is  great^ 
facilitated  hy  means  of  a  stethoscope,  as  used  by  physician!  in 
locating  irregularities  in  the  action  of  certain  organs  of  the 
human  body.  It  consists  of  a  piece  of  hard  rubber  connected 
by  rubber  tubes  to  the  observer's  ears.  The  instrument  is  used 
as  shown  in  Fig.  364,  the  hard  rubber  end  being  passed  over 
the  engine,  the  noise  observed  increasing  as  the  location  of  th' 
knock  is  approached. 


Fic.  364.— Locating  Knocks  by  Means  of  a  Stethoscope. 

Compression  Leaks — Another  thing  that  has  to  be  looked  for 
in  making  commercial  tests  of  engines  is  cylinder  leaks,  which 
would  cause  a  reduction  in  the  compression.  If  Ihere  is  a 
material  difference  in  the  compression  of  the  different  cylinders. 
It  may  be  delected  by  opening  all  of  the  compression  cocks  but 
one  and  turning  the  engine  over  by  hand,  or  by  allowing  the  ex- 
iiaust  to  discharge  directly  into  the  atmosphere,  when  a  differ- 
ence in  the  loudness  of  the  exhaust  reports  will  be  noticed.  In 
order  to  determine  the  location  of  Ae  leak,  a  light  oil  is  poured 
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over  the  various  joints  in  the  cylinder  wall,  viz.,  around  the 
compression  cock,  the  spark  plug,  the  valve  caps,  etc.  If  there  is 
a  leak  at  any  one  of  these  points  it  will  be  shown  by  the  forma- 
tion of  bubbles.  Should  no  leak  be  found  at  any  of  these  points, 
and  yet  the  cylinder  show  a  loss  of  compression,  it  must  be  due  to 
either  leaky  valves  or  leaky  piston  rings.  In  such  a  case  the 
valves  should  be  removed  and  carefully  examined,  and  if  the 
examination  prove  that  they  do  not  seat  perfectly  all  around, 
they  should  be  reground  first  with  emery  dust  and  oil  and  then 
with  rotten-stone  and  water.  If  the  leak  still  continues  after 
the  valves  have  thus  been  ground,  the  trouble  must  be  in  the  piston 
rings,  and  these  should  be  replaced  with  new  ones. 

In  order  to  better  be  able  to  detect  the  slightest  unnatural  noises 
in  a  motor  after  it  has  been  tuned  up,  some  factories  have  been 
provided  with  "silence  rooms"  in  which  the  motors  are  run  under 
dynamometer  load  after  they  have  been  run  in  the  regular  testing 
department.  In  the  latter,  where  a  great  many  motors  are  con- 
stantly under  test,  there  is  naturally  a  good  deal  of  noise,  and 
observations  as  to  the  quiet  running  of  a  particular  motor  are 
rendered  difficult  Fig.  365  is  a  view  in  one  of  the  silence  rooms 
at  the  plant  of  the  Chalmers  Motor  Co.  These  rooms  are  built 
with  24-inch  brick  walls  to  exclude  all  outside  noises  and  are 
equipped  with  a  dynamometer  stand.  When  the  motor  is  mounted 
on  the  stand  the  one  door  into  the  room  is  closed  and  a  test  made 
to  determine  whether  any  part  of  the  motor  gives  out  any  un- 
toward noises,  which  would  indicate  faulty  machine  work  or 
assembling. 

When  the  more  important  defects  have  thus  been  eliminated 
the  motor  is  subjected  to  the  brake  test  If  at  first  it  fails  to 
develop  the  power  called  for  further  improvements  are  made 
in  its  adjustment  until  it  finally  delivers  the  required  output 
when  it  is  .ready  for  the  stock  room. 
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TRACTION  RESISTANCE 

When  a  tnotor-propelled  vehicle  travels  on  a  level  cours^ 
the  resistance  to  its  motion  consists  of  three  main  items,  viz.^ 
the  rolling  resistance  at  the  contact  of  the  wheels  with  the 
ground,  the  friction  in  the  rear  axle  and  drive,  and  the  air 
resistance.  In  case  the  vehicle  travels  on  an  up  grade' there  is 
another  factor  to  be  taken  into  account,  namely,  the  power  re- 
Squired  to  lift  the  weight  of  the  vehicle  at  a  certain  rate.  When 
.the  car  is  running  down  hill  there  is  a  corresponding  negative 
item. 

The  road  resistance  propef,  of  course,  depends  very  largely 
upon  the  character  of  the  road  surface,  but  it  is  also  dependent 
upon  the  diameter  of  the  wheels,  the  character  of  the  tires  and 
the  speed  at  which  the  vehicle  travels.  Th^  second  item,  the  fric- 
tion of  the  rear  axle  and  drive  shaft  bearings  and  gears,  is  com- 
paratively small,  and  since  it  is  difficult  to  separate  this  from 
the  road  resistance,  experimentally,  it  is  generally  included 
with  it. 

On  very  smooth  macadam  pavement  the  traction  coefficient  may 
be  as  low  as  15  pounds  per  1,000,  if  the  vehicle  speed  is  low  and 
•the  vehicle  wheels  are  of  large  diameter  and  shod  with  rubber 
lires.  It  is  customary,  however,  to  figure  on  a  traction  resistance 
of  25  pounds  per  i/xx>  for  macadamized  roads  in  fair  condition 
and  smooth  earth  roads.  Denoting  the  total  weight  of  the  car 
with  passengers  by  W,  the  total  effort  required  to  overcome 
traction  resistance  is  evidently 

^  ^  ^^  pounds. 

1,000 

If  V  be  the  speed  of  the  car  in  miles  per  hour,  then 

yXs,28o_g3^, 
60 
IS  the  speed  in  feet  per  minute,  and  the  horse  poweV  required  to 
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ovrrcume  traction  resistance  is 

i.ooo  33*000      30.000 

The  air  resistance  is  directly  proportional  to  the  forwardly 
projected  area  A  of  the  car  and  to  the  square  of  the  speed. 
We*  may  therefore  write 

R^^^c  A  V*  pounds^ 

'  where  c  is  a  constant.    The  horse  power  required  to  overcome 
t6is  resistance  is 

// P   ^  '^«  y       c  A  j^ 
33.000  ""  33tOoo 

where  R%  is  expressed  in  pounds,  A  in  square  feet  and  v  in  feet 
per  minute.  However,  the  speed  is  usually  given  in  miles  per 
hour,  and  if  in  the  above  equation  v~  speed  in  miles  per  hour, 

then  the  expression  — 1—    is  approximately  equal  to  ^ » 

33*  000  100,000 

from  which  we  find  that 

xoo,ooo 

It  i^  obvious  that  the  total  horse  power  required  to  propd 
a  car  on  a  level  road  is  the  sum  of  the  two  above  expressions — 

/r./».=ii*l£+-ii*L (98) 

30.000   'ipp, 000 

Now  let  it  be  required  to  find  a  suitable  gearing  ratio  for  a 
car  weighing  with  passengers  ^,500  pounds  and  having  a  forwardly 
projjected  area  of  \2  square  feet,  to  be  fitted  with  a  motor  having 
a  horse  power  characteristic  like  that  shown  in  Fig.  366.  By 
means  of  equation  (98)  we  can  determine  the  horse  power  re- 
quired by  this  car  at  different  speeds,  and  plot  the  result  on  a 
co-ordinate  diagram. 

If  now  we  superpose  this  curve  on  the  horse  power  charac- 
teristic of  the  motor  so  that  corresponding  car  and  engine  speeds 
coincide,  the  point  of  intersection  of  the  two  curves  gives  the 
speed  at  which  the  car  wljl  run  on  the  level.  But  the  gearing 
ratio  has  not  yet  been  fixed,  and  we  therefore  do  not  know  as 
yet  where  to  place  the  car  horse  power  characteristic  on  the 
engine  horse  power  diagram. 

The  gearing  ratio  would  be  determined  by  the  consideration 
that  the  ear  shall  be  able  to  climb  a  grade  of,  say,  6  per  cent,  on 
the  high  gear.  The  horizontal  effort  required  to  pull  a  car  up 
a  6  per  cent  grade  is  equal  to  6  per  cent,  of  its  weight.     In 
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this  case  it  is  therefore  150  pounds.  The  traction  resistance,  at 
25  pounds  per  1,000^  amounts  to  62.5  pounds.  At  the  low  speed 
at  which  the  car  will  be  traveling  on  the  grade  the  air  resistance 
will  be  negligible,  and  the  total  resistance  to  motion  will  there- 
fore be 

150+62.5  =  212.5  pounds. 

Now,  suppose  that  the  car  has  36  inch  wheels.  Then  there  is 
a  resisting  force  of  212.5  at  a  radius  of  i^  feet,  which  corre- 
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sponds  to  a  torque  of  318.75  pounds-feet.  By  reference  to  the 
horse  power  curve,  it  will  be  seen  that  this  motor  develops  a 
maximum  torque  of  79  pounds-feet,  hence  the  gear  ratio  must  be 

79 
With  the  motor  turning  at  2/X)0  revolutions  per  minute,  and 
a  reduction  ratio  from  the  motor  shaf^  to  the  driving  wheels 
of  4,  the  car  speed  would  lie 

36X3  Mv.  2:000^,^-^3  ^,^^^^4^^, 

12         ^      ^     r^  5^280 
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We  therefore  superpose  the  car  horse  power  curve  and  mo- 
tor horse  power  curve,  making  the  speed  scales  such  that 
2,000  r.  p,  m.=53  m.  p,  h.  This  is  done  in  Fig.  366,  from  which 
it  is  seen  that  the  maximum  speed  of  the  car  will  be  about  49 
miles  per  hour.  Any  problem  in  connection  with  the  speed  of 
a  car  can  be  solved  in  the  same  manner  if  the  horse  power 
characteristic  of  the  motor  is  known. 

The  above  method  of  calculation  enables  us  to  determine  the 
horse  power  required  for  cars  of  different  weights  and  for 
different  speeds  desired.  However,  it  is  customary  to  figure 
on  I  horse  power  per  100  pounds  of  car  weight  for  moderate 
powered  pleasure  cars,  and  i  horse  power  to  60  pounds  of  car 
weight  for  high  powered  roadsters  and  touring  cars.  The  aver- 
age A.  L.  A.  M.  rating  of  motors  for  trucks  is  given  by  the 

formula 

H.  P.  =  i5  +  5xr, 

where  T  is  the  load  capacity  in  tons. 


Taper  Pins. 

Standard  taper  pins  for  securing  machinery  parts  together  have 
a  taper  of  ^  inch  to  the  foot.  They  are  regularly  made  in  the 
following  sizes: 

Largest  Range  of  Lengths 

Diameter.  in  Steps  of  %  Inch. 

Inch.  Inches.  Inches. 

0.156    H  iH 

0.172  H 

0.193  H  «5< 

o.ai9   H 

o.  J50 K 

o.a89     H 

0.341    H 

0.409    I 

0.49a    »54  4H 

0.S91    «H  SM 

0.706    i>4 


r 
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Fig.  367.— S.  A.  E.  Spark 
Plug. 


Era  368.— De  Dion  Spask 
Plug. 


S.  A.  E.  Standard  Spark  Ping  Shell 

Specifications:  Stock,  hexagon,  iH  inch  across  flats.  Flange 
form,  circular;  diameter,  i^  inch;  thickness,  A  inch;  face, 
annular  seat  ^  inch  wide  (suitable  for  copper-asbestos  gasket). 
Blank  for  thread,  ^  inch  diameter;  yi  inch  length  (including 
recess).  Recess  adjacent  to  fl)ange,  H  inch  wide;  bottom 
diameter  to  equal  core  diameter  of  thread ;  diameter  of  flange  to 
be  not  less  than  Ji  inch  nor  more  than  57/64  inch  (minimum 
radius  to  be  determined).  Thread  diameter,  Ji  inch  straight 
(tolerance  from  precise  measurement  of  thread  diameter,  +  O, 
— 0.003  inch)  ;  pitch,  18;  form,  U.  S.  standard;  cut,  perfect  into 
recess  and  cuff;  both  ends  to  be  beveled  to  an  angle  of  30 
degrees  with  planes  at  right  angles  to  the  axis  of  the  plug. 
Extension  of  spark  plug  shell  below  threaded  portion  shall  be 
known  as  cuff.  Cuff  shall  be  cylindrical  in  shape  and  the  outside 
and  inside  edges  of  the  same  shall  be  chamfered;  length,  3/32 
inch;  diameter,  25/32  inch. 

De  Dion  (European)  Standard  Spark  Ping  Shell. 

This  shell  has  a  straight  thread  18  mm.  in  diameter  with 
a  pitch  of  1.5  mm.  The  thread  portion  is  10  mm.  long.  The 
other  dimensions  are  as  shown  in  the  accompanying  cut.  This 
form  of  plug  is  universally  used  in  France  and  has  been  adopted 
as  a  standard  in  Great  Britain. 
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F<^lowinf  are  a  leir  wnplc  rales  nsed  in  the  cakolatioo  of 
the  dcmaits  of  tootttfd  flcariiiff: 


Ptffh  lifi^fBftff 


Gfcolar  pftch 


Ntnnbcr  of  teeth. 


Diametral  pitch. 
3-1416 


Diametral  pitch. 


Addendom    (hei^t  of     tooth 
above  pitch  drdc) 

Dedeodum  (depth  of  tooth  be- 
low pitch  circle) 

Outside  diameter  of  gear  blank  < 

Bottom  diameter  of  tooth  an*, 
noluf 


Diametral  pitch. 
1.157 


Diametral  pitch. 

Number  of  teeth -t- 2 

Diametral  pitch. 

Number  of  teeth  —  a.314 

Diametral  pitch. 


FlG.  369. — Spuk  Tooth  Elements. 


In  gear  cutting  practice  the  following  diametrical  pitches  are 
used:  All  the  integral  numbers  from  2  to  12,  inclusive,  besides 
2}i,  all  the  even  numbers  up  to  and  including  24.  and  all  the 
numbers  divisible  by  4  up  to  and  including  jfi, 

STUB  TEETH. 

The  common  form  of  spur  gearing  has  mvolute  teeth  with  a 
pressure  angle  of  14$^  degrees.  In  automobile  work  so-called 
stub  teeth  are  much  used  which  are  of  smaller  height  and  have 
a  greater  pressure  angle.  Stub  teeth  are  generally  designated 
by  two  pitch  numbers,  as,  for  instance,  6-8  pitch.  This  means 
that  for  a  gear  of  a  given  number  of  teeth  the  pitch  diameter  is 
figured  as  for  a  6  pitch  regular  tooth,  and  the  addendum  and 
dedendum  are  figured  as  for  an  8  pitch  regular  tooth     Since 
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the  height  of  the  stub  tooth  is  less,  while  its  thickness  is  the 
same  as  that  of  the  regular  tooth,  it  is  considerably  stronger 
than  the  latter,  the  proportional  increase  in  strength  being 
especially  great  in  the  case  of  gears  with  small  numbers  of 
teeth.  Owing  to  the  increased  pressure  angle  the  pressure  on 
the  bearings  is  somewhat  greater  with  the  stub  tooth,  but  this 
disadvantage  is  slight  and  is  more  than  balanced  by  the  ad- 
vantage that  there  is  less  sliding  at  the  contacts  in  the  stub 
tooth.  The  following  rules  hold  for  stub  tooth  gears  cut  ac- 
cording to  the  double  pitch   system: 

Number  of  teeth. 

Pitch  diameter  =       g^^U^^   pj^^j^    number. 

Circular  pitch  =       smaller   pitch    number. 


Addendum 


Dedendum 


larger  pitch  number. 
I.X57    


^  ^  . J    J.       ^        .  larger  pitch  number. 

Outside  diameter  of  »      f 

gear  blank  =  pitch  diameter -j —  ^ 


larger  pitch  number. 

Bottom   diameter  of  tooth   an-     t>-^  u  j-       *         ±£l4 

nulus  "=  diameter  —  larger  pitch 

number 

BEVEL  GEARS. 

Bevel  gears,  as  a  rule,  are  used  only  for  transmitting  motion 
between  shafts  at  right  angles,  though  they  may  be  used  foi 
transmission  between  shafts  at  any  angle  in  the  same 
plane.  All  elements  of  the  tooth  surfaces  converge  toward 
the  point  of  intersection  of  the  axes  of  the  gears.  The  teeth 
therefore  decrease  in  size  from  the  outer  toward  the  inner  end. 
The  calculation  of  the  pitch  diameters,  outside  diameters  and 
bottom  diameters  is  substantially  the  same  as  in  the  case  of 
spur  gears,  the  calculations  being  made  for  the  larger  end  of 
each  gear.  The  use  of  the  formulae  may  be  illustrated  by  an 
example. 

Suppose  that  a  pair  of  bevel  gears  are  to  be  designed  to 
work  at  right  angles  and  to  give  a  ratio  of  i  to  2.  Then  the 
Rear  must  have  twice  the  number  of  teeth  as  the  pinion,  of  the 
same  pitch.  Suppose  that  the  amount  of  power  to  be  trans- 
mitted is  such  that  gears  with  18  and  36  teeth  of  6  pitch  with 
I  inch  face  appear  to  give  the  proper  strength.  Then  the  largest 
pitch  diameters  will  be  3  and  6  inches  respectively.  These  diam- 
eters can  be  laid  off  as  shown  in  Fig.  370.    The  addenda  for 


572  APPENDIX. 

both  gears  arc  i-6  inch  and  the  dedenda  ~r~  =0.193  io^ 
These  distances  are  laid  off  on  lines  perpendicular  to  lines 
drawn  from  the  intersection  of  the  axes  of  the  gears  to  the 
ends  of  the  largest  pitch  diameters. 

In  turning  up  the  blanks  it  is  necessary  to  know  the  (ace 
angle.  This  can  be  found  either  by  graphical  construction  or 
bj  calculation.  The  method  of  calculation  (taking  the  pinion  as 
an  example)  is  as  follows: 

The  tangent  of  one  half  the  pitch  angle  is  ~  =0.5.  There- 
fore, one-half  the  pitch  is  26°34'  ^"■^  the  whole  pitch  angle  55' 
8'.  The  face  angle  is  larger  than  the  pitch  angle  by  the 
angle  subtended  at  the  point  of  intersection  of  the  axes  bj  the 


n 

ll 


It- Pt'^c/i   Uiamelet -;; 

h Ouiaide  Diatnete> -^ 

Fig.  370.— Bevel  Gear  Lay-out. 

tooth  addendum.  This  angle  maj'  be  found  as  follows:  The 
distance  from  the  point  of  intersection  to  one  end  of  the  pitch 
diameter  is 

■/j'  X  i.s'  =  3-354 
Now  the  addendum  divided  by  this  distance  gives  the  tangent 
of  the  angle  subtended  by  the  addendum  at  the  point  of  inter- 
sectitHi. 
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From  a  table  of  ungents  we  find  that  an  wagfe  of  *  decree* 
Sa  minutes  has  a  tangent  of  0.05.    Hence  the  face  angle  is 
55°  8'  X  a  it'  52')  =  60'  sa' 
The  bottom  angle  can  be  found  in  a  similar  manner. 
The  sides  of  a  bevel  gear  are  turned  up  at  right  angles  to  the 
pitch  line.     For  turning  up  the  blank,  the  dimensions  required 
are  the  face,  pitch  angle,  face  angle  and  outside  diameter.    The 
latter  may  be  obtained  by  means  cf  the  equation: 
Outside  d'iam.  =  pitch  diam.  ■<■  2  x  addendum  x  cos  of  pitch  angle 

HEUCAL  CEABS. 

In  gears  in  which  the  teeth  are  not  parallel  with  the  axis  of 
rotation  a  distinction  is  made  between  the  normal  pitch  and 
the  apparent  pitch.  Tlie  apparent  pitch  is  found  by  dividing 
the  number  of  teeth  by  the  pitch  diameter.    The  normal  pitdi 


Fig.  371.— Heucal  Geai. 


is  obtamed  by  dividing  the  apparent  pitch  by  the  cosine  of  the 

angle  of  spiral.     The  angle  of  spiral  is  the  angle  made  by  a 

tangent  to  an  element  of  the  tooth  surface  in  a  helical  gtu  with 

an  intersecting  line  parallel  with  the  axis  of  the  gear.     Th< 

spiral  advance  is  the  distance  in  the  direction  of  the  axis  of 

the  gear  in  which  the  elements  of  the  tooth  surface  describe 

a  complete  circle.    The  following  rules  apply: 

_    .         ,        ,       ,      ■    r  Number  of  teeth. 

Cosme  of  angle  of  spiral  — ■ 


Spiral  advance 

Outside  diameter  =  pitch  diameter -f - 


Normal  pitch  X  pitch  diameter. 
3.1416X  pitch  diameter 
tangent  of  angle  of  spiral 
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The  addendum  and  dedendum  are  the  same  as  in  a  spur  gear 
of  the  same  pitch  as  the  normal  pitch  of  the  helical  gear. 

Helical  gears  may  be  cut  so  as  to  properly  mesh  together  when 
mounted  on  shafts  making  any  desired  angle  with  each  other. 
The  most  common  cases  are  where  the  shafts  are  parallel  and 
where  they  are  at  right  angles  with  each  other,  respectively. 
When  the  shafts  are  parallel  the  angles  of  spiral  must  be  the 
same  for  both  pinion  and  gear,  but  one  gear  must  be  left  handed 
and  the  other  right  handed.  When  the  two  shafts  are  at  right 
angles  with  each  other  the  sum  of  the  angles  of  spiral  of  the  two 
gears  must  be  90  degrees,  and  both  helices  must  be  either 
right  handed  or  left  handed.  The  only  object  in  using  helical 
gears  when  the  shafts  are  parallel  is  to  make  the  gears  more 
nearly  quiet.  In  such  cases,  in  order  to  keep  down  the  end 
thrust,  the  angle  of  spiral  is  made  not  to  exceed  30  degrees. 
The  direction  of  the  end  thrust  changes  with  the  direction  of 
the  helices.  When  the  shafts  are  at  right  angles  the  angles  of 
spiral  of  both  gears  are  generally  not  far  from  45  degrees. 
The  ratio  between  the  speeds  of  revolution  of  two  helical  gears 
in  mesh  with  each  other  is  the  reciprocal  of  ratio  of  their 
respective  numbers  of  teeth. 

METRIC  GEAH  STANDASOS. 

In  countries  employing  the  metric  system  of  weights  and 
measures  gear  calculations  are  based  upon  the  module,  which 
corresponds  to  the  reciprocal  of  our  diametral  pitch.  All  di- 
mensions are  in  millimeters  and  the  rules  for  spur  gears  are  as 
follows : 

Pitch  Diameter 

Module  = :; — 

Number  of  teeth. 

Circumferential  module  =  3.1416  X  module 

Addendum  =  Module. 

Dedendum  =  1.157  X  module. 

Outsidediameter  of  gear  blank  =  Pitch  diameter  +  (2  X  module) 

The  standard  modules  progress  in  steps  of  %  from  1  to  5^. 

then  in  steps  of  Vz  to  7,  then  in  steps  of  1. 
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S.  A.  E.  Standard  Screws  and  Nuts. 


-1  i-c 


Fig.  372.— S.  A.  E.  Screw  Thread. 


B — Refers  to  «1]  nuts  «nd  i 

icrew 

heads. 

D    ] 

Diameter  of  screw. 

■ 

d — Diameter  of  cotter  pin. 

Dxi. 

5 — Length  of  threaded  portion. 

P— ] 

Pitch  of  thread. 

p 
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Ji 
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A 

H 

H 

i8 
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Dimensions — All  dimensions  in  inches. 

Finish— All  heads  and  nuts  to  be  semi-finish. 

Material— For  all  screws  and  nuts — steel. 

Screws  are  to  be  left  soft.  Screw  heads  are  to  be  left  soft 
The  plain  nuts  are  to  be  left  soft  The  castle  nuts  are  to  be  case 
hardened. 
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It  is  assumed  that  where  screws  are  to  be  used  in  soft  material 
such  as  cast  iron,  brass,  bronze  or  aluminum,  the  United  States 
standard  pitches  will  be  used. 

Tolerance — ^The  body  diameter  of  the  screws  shall  be  one- 
thousandth  (0.001)  inch  less  than  the  nominal  diameter,  with 
a  plus  tolerance  of  zero  smd  a  minus  tolerance  of  two-thousandths 
(aoo2)  inch. 

The  nuts  shall  be  a  good  fit  without  perceptible  shake. 

Qearance  between  tops  of  threads  and  bottoms  of  threads— 
The  tap  shall  be  between  two-thousandths  (.002)  inch  and  three- 
thousandths  (.003)  inch  large. 

Drill  Sizes,  Cross  Sectional  Areas  and  Tensile  Strengths  of 

S.  A.  E.  Standard  Screws. 


Areas. 

Bottom 

Tensile  Strengths. 

At  30,000     At  25»ooo    At  30,000 

Nominal    Drill 

Full- 

of 

Lbs.  Per 

Lbs.  Per 

Lbs.  Per 

Diameter.  Sbe. 

Bolt 

Thread. 

Sq.  Inch. 

Sq.  Inch. 

Sq.  Inch. 

^ 

A 

0.0491 

0.0325 

651 

814 

977 

A 

» 

0.0767 

0.0525 

1,050 

1,312 

1.575 

H 

H 

O.IIO4 

0.0808 

1,617 

2,021 

2,426 

A 

H 

0.1503 

O.I 132 

2,264 

2,830 

3,396 

J4 

A 

0.1963 

0.1486 

2,973 

3,726 

4.459 

A 

J4 

0.2485 

0.1888 

3,777 

4*722 

5,666 

H 

9/16 

0.3068 

0.2400 

4.800 

6,000 

7,200 

a 

39/64 

0.3712 

0.2888 

5.776 

7,220 

8.664 

H 

43/64 

0.4418 

0.3514 

7,028 

8,785 

10,452 

H 

U 

0.6013 

0.4816 

9.633 

12,141 

14,449 

I    6 

H 

o.7?54 

0.6463 

12,926 

16,158 

19,389 

iH 

lA 

0.994 

0.799 

15,980 

19,975 

23.970 

m 

lA 

1.2272 

1.009 

20,180 

25,225 

30,270 

iH 

lU 

1.4849 

1.243 

24,8fx> 

31,075 

37.290 

i^ 

iH 

I. 7671 

1.503 

30,obo 

37,575 

45.090 

Standard  Metric  Threads. 

The  following  table  gives  the  pitches  of  screws  of  different 
diameters  cut  with  standard  metric  threads: 

Screw  Diam. 
Mm. 

16 


Screw  Diam. 

Pitch. 

llSm. 

6 

I 

7 

I 

8 

1.25 

9 

1. 25 

10 

1. 5 

II 

1.5 

12 

1.75 

14 

2 

Pitch. 

Mm. 


18 
20 
22 

24 
27 
30 


2 

2.5 

2.5 
2.5 

3 
3 

3.5 
3.5 
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Drill  Sizes,  Cross  Sectional  Areas  and  Tensile  Strengths  of 

U.  S.  Standard  Screws. 


Tensile  Strengths. 

Areas. 

At  15,000 

At  aOfOOo 

Nominal 

Drill 

Full 

Bottom 

Lbs.  Per 

Lbs.  Per 

Diameter. 

Pitch. 

Size. 

Bolt 

of  Thread. 

Sq.  In. 

Sq.  In. 

Va 

20 

3/16 

0.0491 

0.0269 

403 

538 

* 

i8 

1/4 

0.0767 

0.0454 

681 

908 

H 

i6 

S/16 

O.IIO4 

0.0678 

1,017 

I.3S6 

A 

14 

23/64 

0.1503 

0.0934 

I^I 

1,868 

J4 

12 

13/32 

0.1963 

O.II55 

1.732 

2,310 

H 

II 

17/32 

0.3068 

0.2018 

3,027 

4.036 

Va 

10 

41/64 

0.4418 

0.302 

4,530 

6/)40 

H 

9 

3/4 

0.6013 

0.4193 

6,290 

8.386 

I 

8 

55/64 

0.7854 

O.55II 

8^ 

11,022 

&  A.  &  Standard  Mas:neto  Dimensions  for  Four  and 

Six  Cylinder  Enfl^ines. 

Mm.  Inches 

Shaft  height 45.  i  .771 

Distance  from  center  of  front  base-plate 

holes  to  large  end  of  shaft  taper 53.  2.086 

Distance  from  center  of  front  base-plate 

holes  to  center  of  rear  base-plate  holes. .        50.  1.968 

Distance  between  centers  of  base-plate  holes 

left  to  right 50.  1.968 

Large  diameter  of  taper 15.  0.590 

Small  diameter  of  taper 12.  O.472 

Length  of  taper 15.  0.590 

Taper  i  :5  (included  angle)  11  deg.  30  min. 

approx.    Woodruff  key  No.  3. 

Height  of  magneto  space 203.  8.000 

Length  of  magneto  space 254.  10.000 

Width  of  magneto  space 127.  5.000 

Plain  hole  timing  lever 6.35  0125 

Tapped  hole  timing  lever,  }i  inch,  28  P., 

o.  A.  £«. 
Base-plate  holes— 5<  in.   16  P.,  U.   S,   S. 
Thread  for  end  of  magneto  shaft  H  in** 

16  P.,  U.  S.  S.,  length  of  thread  o.  5905  in. 
Advance  lever  radius 2. 125  in. 


#'■1 


nuk)UmmtUt=- 


X 


Fic.  373.— Pitch  Diameter  Diagbah. 


L«t  ^'Dumber  ol  link*  in  chain; 

Z>' pitch  diMneter  of  (prockct  wheel; 
^■pitch  diameter  of  iprockel  pinion; 
Af-number  of  teeth  in  wheel; 
H^nuinber  of  teeth  in  pinion; 
£.  =  diitance  between  axei  of  wheel  and  pinion; 
Then 


where 


^«p  = 


D~-d 


The  above  formula  can  be  uted  for  de'Lermining  the  approxi- 
mate number  of  linkt  required  for  a  certain  centre  distance  and 
tprockctt  with  certain  numbers  of  teeth.  But  since  the  result 
ii  almoit  lure  to  involve  a  fraction  it  cannot  be  used  directly. 
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POSSIBLE  CBNTBS  DISTANCES  FOB  "ONE  TO  TWO"  PAIBS  OF  SILENT 

CHAIN  SPBOCKBTS. 

(Chains  runnlns  tight  on  sprockets.) 


No. 

No. 

r 

Pitch 

I 

> 

of  Teeth 

of  Teeth 

No. 

0.315 

0.4 

0.5 

0.625 

In  Pinion 

of  Gear. 
26 

of  Links. 
33 

PAnfm  mat^nMA'        -■    - 

13 

2.020 

2.565 

3.206 

4.008 

13 

26 

34 

2.186 

2.776 

3.470 

4.337 

14 

28 

36 

2.252 

2.859 

3.574 

4.468 

15 

30 

38 

2.318 

2.934 

3.680 

4.600 

13 

26 

35 

2.350 

2.984 

3.730 

4.663 

14 

28 

37 

2.417 

3.069 

3.836 

4.796 

15 

30 

39 

2.483 

3.154 

3.942 

4.928 

13 

26 

36 

2.514 

3.192 

3.990 

4.987 

16 

82 

41 

2.550 

3.238 

4.048 

6.060 

14 

28 

39 

2.745 

3.279 

4.098 

5.122 

17 

34 

43 

2.616 

3.322 

4.152 

6.190 

15 

30 

40 

2.649 

3.363 

4.204 

5.255 

13 

26 

37 

2.677 

8.399 

4.248 

6.810 

1$ 

32 

42 

2.715 

3.448 

4.310 

5.388 

14 

28 

39 

2.746 

3.486 

4.357 

6.447 

17 

34 

44 

2.782 

3.533 

4.416 

5.520 

15 

80 

41 

2.812 

3.671 

4.464 

6.580 

13 

26 

38 

2.838 

3.604 

4.505 

5.632 

18 

36 

46 

2.848 

3.616 

4.520 

5.650 

16 

'32 

43 

2.880 

3.658 

4.572 

5.715 

14 

28 

40 

2.907 

8.692        ' 

4.615 

5.769 

^  19 

88 

48 

2.914 

3.700 

4.625 

6.782 

17 

84 

45 

2.947 

3.742 

4.678 

5.848 

15 

30 

42 

2.925 

3.778 

4.728 

5.904 

13 

26 

39 

3.000 

3.810 

4.762 

5.953 

18 

36 

47 

3.013 
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The  correct  centre  distance  for  the  nearest  full  number  of  linka 
may  then  be  found  by  means  of  the  following  equation: 

jr  ^       L         2         a        '  i8oJ 

2  COS  ^ 

The  accompanying  table  gives  all  the  possible  centre  distances 
for  "one  to  two"  sets  of  silent  chain  sprockets  over  a  certain 
range  of  sprocket  sizes  and  link  numbers  for  the  four  smallest 
pitches  in  practical  use.  This  range  is  believed  to  include  all 
possible  cases  of  automobile  camshaft  drives. 

The  outside  diameter  of  the  sprocket  is  different  for  the  dif- 
ferent makes  of  chains.  In  some  makes  it  is  slightly  greater  than 
the  pitch  diameter  and  in  others  slightly  less.  This  dimension, 
therefore,  can  only  be  determined  after  the  make  of  chain  to  be 
used  has  been  settled  upon. 


Fig.  374.— Centse  Distance  Diagram* 
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Dimensions  of  Cylinder  Ring  Blanlcs  (Eccentric  Rings). 


S 


] 


^      I 


Fig.  375.— Piston  Ring  Blank. 
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H^dtfa 
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Diagonal  Slot 
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are. 

(Do) 
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3 
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4H 
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Valve  Sprins:  Table. 

In  the  following  table  D  denotes  the  mean  diameter  of  the  coil 
(from  centre  to  centre  of  wire),  which  is  equal  to  the  outside  diam- 
eter minus  the  diameter  of  the  wire;  d,  the  diameter  of  the  wire 
W,  the  maximum  safe  pressure  a  spring  of  the  particular  diam- 
eter will  sustain,  and  F  the  deflection  of  one  coil  under  a 
pressure  of  lOO  pounds.  It  will  be  noticed  that  three  different 
values  are  given  for  F  for  each  size  of  wire  and  diameter  of 
coil;  these  correspond  to  coefficients  of  torsional  elasticity  of 
io/)0O,O00b  12,000,000  and  14,000,000,  respectively.  The  maximum 
safe  pressure  is  calculated  on  the  basis  of  a  stress  of  50,000 
pounds  per  square  inch.  The  table  covers  every  size  of  wire 
in  the  Birmingham  gauge  from  No.  11  to  No.  6,  inclusive. 

An  example  will  show  the  use  of  the  table.  Let  us  suppose 
that  we  have  a  spring  wound  from  No.  %  wire,  with  a  mean 
diameter  of  coil  of  i  inch.  It  will  be  seen  that  the  maximum 
safe  pressure  of  such  a  spring  is  88.2  pounds.  Assuming  the 
coefficient  of  torsional  elasticity  to  be  12,000,000,  the  deflection 
of  each  coil  under  a  load  of  100  pounds  will  be  o.o8p9  inch. 
Therefore,  if  there  are  ten  coils  in  the  spring  and  the  maximum 
load  is  80  pounds,  the  total  compression  of  the  spring  from 
the  free  state  will  be 
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Woodruff  Keys. 

Woodruff  keys  are  used  vciy  extensively  in  automobile  con- 
struction, in  the  motor  as  well  as  in  other  parts  of  the  chassis. 
The  following  rules  may  be  used  in  selecting  the  proper  size  of 
keys  of  this  type : 
Let  I>» depth  in  shaft; 
i4s diameter  of  shaft; 
Tf thickness  of  key; 
t^en,  .for  most  ordinary  purposes, 

D  =  d 
3 

*T*  ^m,    ^ 

4 

Where  the  key  has  to  perform  exceptionally  severe  service, 
as  in  the  case  of  a  flywheel,  a  propeller  shaft  gear,  etc.,  it  is 
advisable  to  calculate  it  by  means  of  the  following  equation : 

where 

L«- effective  length  of  key; 

F  B  maximum  force  at  radius  of  key ; 

5, -allowable  shearing  stress. 
In  some  cases  where  the  small  thickness  of  the  hub  shell  does 
not  admit  of  the  use  of  a  single  key  of  adequate  size  two  smaller 
keys  may  be  used  arranged  end  to  end.  However,  if  the  hub 
IS  not  long  enough  for  this,  the  two  keys  may  be  placed  at  90 
degrees  with  each  other.  The  former  arrangement  is  the  least 
expensive,  but  the  latter  fits  by  far  the  greater  number  of  cases. 
The  depth  of  the  key  uk  the  hub,  etc.,  is  made  one-half  the  thick- 
ness of  the  key,  as  with  common  square  keys.  The  following 
table  of  Woodruff  key  dimensions  is  taken  from  an  article  on 
the  subject  by  George  £.  Goddard  in  The  Hokseliss  Age,  of 
•December  2,  1908: 
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Fig.  376. — ^Woodruff  Key. 


DmsKSiONs  or  Woodsuff  Keys. 
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Dimensions 

OF  Woodruff 

Keys— 

■CONT 
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of 
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Comple- 
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Automobile  Engine  Light  Lubricating  OiL 

S.  A.  E.  Specification. 

Oil  for  this  purpose  must  be  a  pure  mineral  oil,  no  addition 
or  adulterant  of  any  kind  being  permitted. 

The  following  characteristics  are  desired : 

Specific  gravity 28**  to  32**  Beaume 

Flash  point,  not  less  than 400**  F. 

Fire  test,  not  less  than 450**  F. 

Viscosity  at  100°  F.,  Saybolt  viscosimeter,  not 

over  300  seconds 

Viscosity  at  210**  F.,  Saybolt  viscosimeter 40  to  50  seconds 

Viscosity  at  210**  F.,  Tagliabue  viscosimeter.  .60  to  65  seconds 
Carbon  residue,  not  over 0.50  per  cent. 
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S.  A.  E.  Bearing  Metal  Specifications. 

Babbitt  Metal. 

Tin    84.00% 

Antimony  9.00% 

Copper  7.00% 

A  variation  of  i  per  cent,  either  way  will  be  permissible  in  the 
tin,  and  .5  per  cent,  either  way  will  be  permissible  in  the  anti- 
mony and  copper.  The  use  of  other  than  virgin  metals  is  pro- 
hibited. No  impurity  will  be  permitted  other  than  lead,  and  that 
not  in  excess  of  0.25  per  cent. 

NOTE:  This  grade  of  babbitt  contains  an  unusually  large 
amount  of  copper,  and  is  used  for  the  connecting  rod  linings  of 
motor  bearings  and  other  bearings  subjected  to  severe  service. 


White  Brass. 

Copper  3.00 to  6.00% 

Tin,  not  less  than ,   65.00% 

Zinc 28.00 to  50.00% 

Metal  with  more  than  0.25  per  cent,  impurities  may  be  rejected. 

NOTE:   This  alloy  gives  good  results  in  automobile  engines, 

but  provision  should  be  made  to  have  it  generously  lubricated. 


Phosphor  Bronze. 

Copper  80.00% 

Tin    10.00% 

Lead    10.00% 

•    Phosphorus   0.05  to  0.25% 

Impurities  in  excess  of  0.25  per  cent,  will  not  be  permitted. 

NOTE :  This  is  a  metal  similar  to  that  specified  by  many  rail- 
roads for  various  purposes.  It  is  an  excellent  composition  where 
good  anti-friction  qualities  are  desired,  standing  up  exceedingly 
well  under  heavy  loads  and  severe  usage.  In  automobile  con- 
struction it  should  be  used  only  against  hardened  steel. 


APPENDIX.  587 


S.  A.  E.  Standards  for  Non-Ferrous  Metal  Tnbing. 

Tubing  can  be  furnished  in  copper,  and  the  commercial  alloys 
of  copper  and  zinc,  such  as  high  brass,  bronze,  phosphor  bronze 
and  tobin  bronze. 

Composition. — ^As  specified  to  meet  the  requirements  of  use. 

Temper, — ^As  specified  in  the  order;  may  be  hard,  half  hard 
or  annealed.  If  annealed,  the  tubing  may  be  soft  or  light 
annealed. 

Sise  Variation. — On  inside  and  outside  diameter  and  the  thick- 
ness of  the  walls,  as  follows : 


Outside  and  Inside  Dimensions. 

Up  to    ^  in.  inclusive .0.002    in.  over  or  under 

Over     H  in-  to  and  including    ^  in 0.0025  in.  over  or  under 

Over    H  in.  to  and  including  1      in. ...... .  .0.003    in.  over  or  under 

Over  1      in.  to  and  includTng  1^  in 0.0035  in.  over  or  under 

Over  ll4  in.  to  and  including  ly^  in 0.004    in.  over  or  under 

Over  1^  in.  to  and  including  IH  ^ 0.0045  in.  over  or  under 

Over  1 H  in.  to  and  including  2      in 0.005     in.  over  or  under 

Over  2      in H  of  1  per  cent,  over  or  under 

No  combination  of  variations  on  the  same  tube  shall  make  the 
thickness  of  the  wall  vary  from  the  nominal  by  more  than  the 
following  amounts : 


Thickness  of  Wall. 

up  to  and  including  1/64  in 0.001  in.  over  or  under 

Over  1/64  in.  to  and  including  1/32  in 0.002  in.  over  or  under 

Over  1/32  in.  to  and  including  1/16  in 0.003  in.  over  or  under 

Over  1/16  in.  to  and  including  H      in 0.005  in.  over  or  under 

Over  }i      in.  to  and  including  ^       in 0.008  in.  over  or  under 

Over  %      in.  to  and  including  5/16  in 0.0125  in.  over  or  under 

Over  5/16  in.  to  and  including  f^      in 0.015  in.  over  or  under 

Special  Limits. — On   all  stock  where  the  above  commercial 
variations  are  not  permissible  limits  shall  be  specified  in  the  order. 
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Metric-American    Units    Conversion   Tables* 

American  to  Metric. 

Inches  X  2.54  =  centimeters. 

Feet  X  0.3048  =  meters. 

Yards  X  0.9144  =  meters. 

Miles  X  1*609  =  kilometers. 

Square  inches  X  6452  =  square  centimeters. 

Square  feet  X  0.0929  =  square  meters. 

Cubic  inches  X  16.387  ==  cubic  centimeters. 

Cubic  feet  X  ox)283  =  cubic  meters. 

Pounds  X  04536  =  kilograms. 

U.  S.  gallons  X  37854  =  litres. 

British  thermal  units  X  0.252  =  calories. 

Horse  powers  X  1.0138  =  chevoux  (metric  horse  powers). 

Foot-pounds  (work)  X  0.1383  =  kilogrammeters. 

Pounds  feet  (torque)  X  0.1383  =  meter-kilograms. 

Feet  per  minute  X  0.00508  =  meters  per  second. 

Miles  per  hour  X  1*609  =  kilometers  per  hour. 

Pounds  per  square  inch  X  0.0703  =  kilograms  per  square 
centimeter. 

Pounds  per  gallon  X  0.1 198  =  kilograms  per  litre. 

British  thermal  units  per  pound  X  0.5556  =  calories  per 
kilogram. 

British  thermal  units  per  gallon  X  0.06658  =  calories  per  litre. 

Pounds  per  horse  power  hour  X  4474  =  grams  per  cheval- 
heure. 

Miles  per  gallon  X  0425  =  kilometers  per  liter. 

Horse  power  X  746  =  watts. 

U.  S.  gallons  X  0.833  =  Imperial  gallons. 

(Fahrenheit  temp.  —  32)  X  0.555  =  centigrade  temp. 

Metric  to  American. 

Millimeters  X  0.03937  =  inches. 

Meters  X  39.37  =  inches. 

Meters  X  3.281  =«  feet. 

Meters  X  1.094  ""  yards. 

Kilometers  X  0.6214  =  miles. 

Square  centimeters  X  0.155  =  square  inches. 

Square  meters  X  10.764  =  square  feet. 

Cubic  centimeters  X  0.06102  =  cubic  inches. 

Cubic  meters  X  35.314  =  cubic  feet. 

Kilograms  X  2.2046  =  pounds. 
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MEmc-AuERiCAN  Units  Convession  Tables— (Con ttniwi). 

Litres  X  0.2642  =  U.  S.  gallons. 

Calories  X  3.968  =  Brirish  thermal  units. 

Chevaux  X  0.9663  =  horse  power. 

Kilogrammeters  X  7.233  =  foot-pounds. 

Meters  per  second  X  196.86  =  feet  per  minute. 

Kilometers  per  hour  X  0.6214  =  miles  per  hour. 

Kilograms  per  square  centimeter  X  14.223  =  pounds  per  square 

Kilograms  per  litre  X  8.347  ^  pounds  ppr  gallon. 
Calories  per  kilogram  X  1-8  ^^  British  thermal  units  per  pound. 
Calories  per  litre  X  15.02  =  British  thermal  units  per  U.  S, 
gallon. 
Kilometers  per  litre  X  2J53  ^  miles  per  gallon. 
Imperial  gallons  X  1.2  =  U.  S.  gallons. 
Kilowatts  X  1.3405  ■■  horse  powers. 
(Centigrade  temp.  X  1.8)  +  32  =  Fahrenheit  temp. 


F:g.  377.— S.  A.  E.  Flareu  Tube  Land  T. 


L  B.  FLARED  TUBE  ELLS  AND  TEES 


A>ao       H>!0       H>is       Utis 


Fig.  378.— S.  A.  E.  Flaked  Tube  Union. 


S.  A.  E.  FLARED  TUBE  UNIONS 
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BRITISH    TRUCK    MOTOR    PRACTICE. 

Following  is  a  summary  of  truck  motor  practice  In  Great 
Britain,  the  figures  given  having  been  calculated  from  data 
of  19  motors,  published  In  a  paper  on  "E3nglnes  for  Petrol 
Commercial  Vehicles/'  by  W.  D.  Williamson,  presented  to  the 
Institution  of  Automobile  Engineers,  London,  In  February, 
1916.   All  engines  have  four  cylinders: 

Min.  Max,  Average 

Stroke  bore  ratio 1.11  1.47  1.27 

Compression  ratio   4.03  5  4.45 

Connecting  rod  length/stroke 1.82  2.73  2.17 

Piston  pin  diameter/bore 0.192  0.29  0.28 

Piston  pin  bearing  length/bore 0.446  0.666  0.494 

Crankpln  bearing  length/diameter 1.133  2  1.406 

Crankpln  bearing  length/bore 0.386  0.660  0.467 

Main  Journal  diameter/bore 0.39  0.66  0.46 

Front  bearing  length/diameter 1.236  2.446  1.71 

Intermediate  bearing  length/diameter..  1.147  '  2.26  1.68 

Rear  bearing  length/diameter 1.47  2.67  2 

Valve  bore/cylinder  bore 0.4  0.612  0.466 

Valve  head  diameter/valve  bore 1.062  1.186  1.11 

Inlet  valve  bore/Uft A  4.0  7.2  6.4 

Exhaust  valve  bore/Uft 4.0  7.2  6.16 

Valve  bore/stem  diameter 4  6.36  6 

Width  of  cam  gears/bore 0.21  0.36  0.276 

Width  of  silent  chain/bore 0.232  0.462  0.327 

Flywheel   diameter/stroke 8.00  4.40  8.67 

Flywheel  weight  constant* 14  29  21.6 

Governed  or  normal  piston  speed 828  1185  960 

*  In  the  equation 

-  -  c(V)' 

In  which  W  =■  total  weight  of  flywheel;  5  s  cylinder  bore; 
I  »  length  of  stroke,  and  r  =  outside  radius  of  rim. 

Cylinder  grouping— singly,  10.5%;  In  pairs,  79^^;  en  bloc, 
10.5%. 

Cylinder  type— L-head,  70%;  T-head,  30%. 

No.  of  piston  rings— ^ree,  68.5%. 

Width  of  rings— 8/16  Inch,  19%,  7/32  Inoh,  6%;  %  Inch, 
«9%;  5/16  Inch,  6%. 

No.  of  bolts  In  connecting  rod  heads— four,  89%;  2,  11%, 

Crankshaft  drilled  for  lubrication,  69%. 
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British  Tiiucr:  Motor  Practice  (Continued). 

Crankcaae  Inspection  doors — ^none,  5.5%;  one  side,  78%; 
both  sides,  16.5%. 

Camshaft  dritres — silent  chain,  44%;  helical  spur,  28%; 
spur,  22%;  roller  chain,  6%. 

Diametral  pitch  of  camshaft  gears — 8,  10  and  12,  chiefly  8. 

Pitch  of  silent  chains — ^  inch,  except  in  one  case,  %  inch. 

Cross  shaft  for  pump  and  magneto — 37%. 

Main  bearing  lubrication — ^pressure,  67%;  splash,  82%. 

Crankpin  lubrication — ^pressure,  50%;  splash,  50%. 

Piston  pin  lubrication — splash,  100%. 

Engine  piston  displacement  —  150  +  (20  X  tons  loaded 
weight)  cubic  inches. 

Beabing  Materials. 

Main 
PUton  Pin    Crank  Pin    Bearing 

Phosphor  bronze    69% 

Special  bronze    12.5% 

White  metal    65%  70% 

Die  cast  white  metal 18%  18% 

Qun  metal  shell,  white  metal 

lined   12%  12% 

Gun  metal    6%  5% 

Case  hardened  steel. « 12^% 

Valve  Timing. 

Early  Late  Average 

Inlet  yalve  opens '^^  4-15*               +9" 

Inlet  valve  closes -fH"  ■f48'               +27.5' 

Exhaust  valve  opens — ^56".  — 40*  — 47* 

Exhaust  valve  closes '    0*  +10*               +  5.5* 
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Acceleratton  Forccit   Table  of 46 

AdUlMtlc  CbangM  of  State 15 

Admiision  Stroke  19 

A.  L.  A.  M.  Batlnff  Fonnula 406 

Air.  Atmo8]>herlc  6 

Air  Cooled  Szheiut  Valvei 528 

Air  Cooling  More  Difficult  In  Larse  Cylinden 521 

Air  Cooling  of  Four  Cylinder  M oton 525 

Air  Cooling  of  Two  Stroke  Motors 464 

Air  Cooling  Used  by  Daimler 521 

Air  Displacement,  Constant  Lerel  System 330 

Air  Required  to  Bum  Gasoline 7 

Air  Resistance  487 

Air,  Weight  and  Properties  of 6 

Aluminum  Alloys.  Properties  of 805 

Aluminum  Pistons   161 

Automobile  Club  of  France  Muffler  Trials 871 

Auxiliary  Sxbaust  Ports 285 

Babbitt  Metal.  Keying 846 

Baffling  Plates  (tn  Radiators) 471 

Balance.  Effect  of  Off-Setting  on 177 

Balance  Weighto.  Calculation  of 62 

Balance  Weighta  on  Six  Throw  Crankshafts 205 

BaU  Bearings.  RadUl ,...  211 

Baume  Scale 3 

Baush  Multiple  Drill.... 345 

Bearing  Bushings 343 

Bearing  Bushings.  Dowelling 847 

Bearing  Bushings.  Rellering  of 355 

Bearing  Cap  Lock 319 

Block  Construction.  AdranUges  of 79 

Block  CyUnders 97 

Blower.  The   527 

Blower  Cooling   525 

Bore-Stroke  Ratio 409 

Brake.  The  Motor  as  a 418 

Breather  Tubes  315 

Bronse  Bushings.  Babbitt  Lined 353 

Bronze  Backed  Bushings,  Manufacturing 346 

Bronse  Bushings.  Manufacture  of  Split 350 

Bushing  Dimension.  Rules  for 347 

Cage  Construction  95 

Cam  Followers.  Types  of 249 

Cam  Gear  Housing 817 

Gam  Grinding  Attachment 282 

Cam  Leren  .  t 275 
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Cun  Lift  Curves £C4 

Cam  Outlines*  Comparison  of 169 

Cam  Side  Thrust 270 

Cams,  Manufacture  of Zt3 

Cams,  Types  of ; *. 250 

Camshaft  Beailngs  279 

Camshafts,  Dimensions  of 278 

Camshaft  I>rlTe,  Arrangement  of St;l 

Camshaft,  DrlTe,  Silent  Chain 296 

Camshaft  Gears,  Dimensions  of 295 

Camshaft  Gears,  Method  of  Securing 295 

Camshafts,  Integral  and  Built  up 277 

Camshaft  Mounting   281 

Camshafts,  Oiling  281 

Carbon  Deposits  Cause  of  Prelgnltlon 522 

Carburetor  Flanges 962 

Carburetors  for  Two  Stroke  Motors 456 

Car  Speed,  Fluctuations  In 385 

Characteristic   Curves    413 

Charge  Deflectors,  Two  Stroke 447 

Charles'  I#aw  12 

Cincinnati  YerUcal  Miller 342 

Circulating  Splash  System 328 

Circulation  Indicator  • 338 

Circulation  Systems,  Belatlve  Standing  of 467 

Circulation  Control,  Automatic 517 

Combustion  Chamber,  Ideal  Form  of 76 

Combustion  Chamber  Wall,  Finished 522 

Compression  Chamber,  Counter-Boring 114 

Compression  Calculation  24 

Compression  Leaks 562 

Compression  in  Air  Cooled  Motors 522 

Compression  Relief  Cams ii;4 

Compression  Space  Calculation ^4 

Compression  Stroke   .16 

Compression,  Work  of 25 

Connecting  Rod,  Cross  Section  of 216 

Connecting  Rod  Head 223 

Connecting  Rod  Head  Oil  Spoon ,  f;i] 

Connecting  Rod,  Size  of  Studs  for 231 

Connecting  Rod,  Hinged  Cap 22f. 

Connecting  Rod,  Crank  Pin  Bearings  for 230 

Connecting  Rod,  Length  of 215 

Connecting  Rod  Materials 215 

Connecting  Rod,  Parts  of 215 

Connecting  Rod,  VHiippfaig  Effect  In 222 

Connecting  Rods,  Manufacture  of 235 

Connecting  Rods,  Offset 231 

Connecting  Rods,  Forked  for  Y  Sngines 234 

Connecting  Rods,  Tubular 221 

Constant  Acceleration  Cam,  Spring  Force  Required  with 264 

Constant  Acceleration  Cam,  Laying  Out 25S 

Constant  Level  Stand  Pipe 337 

Continuous  Web  Construction 322 
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ConTeetion  of  Heat  in  Air  Cooled  Cylinders 528 

Cooling  FUnges 521 

Cooling  FUnges,  Form  and  Dimensions  of 524 

Oot6  Two  Stroke  Motor 458 

Counter  Weights  59 

Couplings,  liagneto  and  Pump 299 

Cradle  Dynamometer,  Electric 551 

Crank  Arms  of  Six  Cylinder  Cranks,  Form  of  Long 192 

Crank  Case,  Barrel  Type  of 310 

Crank  Case  Bearing  Caps 318 

Crank  Case,  Bearings  Between  HalTes  of 308 

Crank  Case,  Bearings  in  Upper  Half  of 309 

Crank  Case,  Bearings  in  Lower  Half  of 309 

Crank  Case,  General  Design  of 311 

Crank  Chamber  Design,  Two  Stroke 444 

Crank  Case  Inlets 443 

Crank  Case  Materials 305 

Crank  Case,  Objects  of 305 

Crank  Case,  One  and  Two  Cylinder 306 

Crank  Case  Sections,  Thickness  of 313 

Crank  Case  Supporting  Arms 314 

Crank  Cases,  Boring  of 344 

Crank  Cases,  Four  and  Six  Cylinder 307 

Crank  Cases,  Manufacture  of 341 

Crank  Chamber,  Automatic  Circulation  in 381 

Crank  Chamber  Joints  Gas  Ti^t,  Making 446 

Crank  Moment  49 

Crank  Moment,  Crank  Angle  Factor  of 54 

Crank  Moment,  Variation  of 373 

Crank  Pin  Lubrication 325 

Crank  Pin  Turning  Fixture 207 

Crank  Pin  Turning  Lathe 207 

Crank  Pins,  Turning  of 209 

Crankshaft,  Ball  Bearing 211 

Crankshafts,   Balancing 59,  185 

Crankshaft  Bearing  Metal 320 

Crankshaft  Blanks   206 

Crankshaft  Grinder 209 

Crankshaft  Material 181 

Crankshaft  Material,  Heat  Treatment  of 181 

Crankshaft  Oil  Bing 228 

Crankshaft  Proportions  188 

Crankshaft  Thrust  Flanges 192 

Crankshafts,  Four  Throw,  Two  Bearing 19i 

Crankshafts,  Four  Throw,  Three  Bearing 189 

Crankshafts,  Four  Throw,  Fire  Bearing 188 

Crankshafts,  Six  Cylinder,  Three  Bearing 193 

Crankshafts,  Six  Cylinder,  Four  Bearing 195 

Crankshafts,  Six  Cylinder,  Seren  Bearing 199 

Crankshafts,  Sight  Cylinder,  Two  Bearing 202 

Crankshafts,  Twelve  Cylinder 203 

Crankshafts,  Front  and  Bear  Ends  of 205 

iHrankshaf ts.  Hollow  209 

Crankshafts,  Machining  of 206 


• 
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Fan  DriTei 502 

Fan  Drlvei*  V-Belt 504 

Fftn  DriTes,  PoBiUve 505 

Fan  Dynamometer   546 

Fan  Dynamometer  Calibratlbn  Curve 550 

Fan  Dynamometer,  Tracy's 549 

Fan  Houalng 507 

Fan  Wheels 388 

Fan  SflDciency  Increased  by  Concaving 498 

Fan  Mountings 500 

Fans,  Air  Delivery  of  Tapering  Blade 491 

Fans,  Air  Delivery  of  Helical 492 

Fans,  Helical  Blade 491 

Fans,  Objects  of 483 

Fans,  Power  Absorbed  by  Plane  Blade 495 

Fans,  Power  Absorbed  by  Helical 494 

Fans,  Pressed  Steel 484 

Fans,  Types  of 483 

Farouz  Power  Output  Formula 409 

Firing  Order,  Effect  of 364 

Flank  Circle  (Mushroom  Cam) ,  Determination  of  Radius  of 262 

Flared  Tube  Unions.  S.  A.  E 590 

nezibillty.  Effect  of  Length  of  Stroke  on 412 

nezlbility  of  Starting  of  Motor  and  Car,  Effect  on 877 

Flywheel,  Bursting  Strength  of 38^ 

Flywheel  Capacity  Required 381 

Flywheel,  Cast  Steel 888 

Flywheel,  Centrifugal  Force  on 883 

Flywheel,  Effect  on  Flexibility 877 

Flywheel,  Effect  on  Motor  Starting  of 877 

Flywheel,  Energy  Stored  in 878 

Flywheel,  Fan  Type 888 

Flywheel  Flanges  205 

F^heel,  Object  of  the 373 

Flywheel  Rim,  Web  or  Spokes 887 

Flywheels,  Balancing  391 

Flywheels,  Keying  of 387 

Flywheels,  Machining  of 389 

Fbot-Pound,  The  10 

Fbiee  Feed  824 

Fbrce  Feed,  Non-Splash  System 324 

Four  Cycling  of  Two  Stroke  Motor 456 

Four  Cylinder  Motor,  Balance  of 66 

Four  Cylinder  Two  Stroke  Motor 460 

Franklin  Motor,  Volumetric  Sfflciency  Test  on 244 

Fuel  Consumption'  Tests 587 

Fuel  EfBciency  Tests 248 

Gas  Feed  Ttirough  Valve 248 

Gas  Pressure  Derived  from  Cylinder 422 

Oases,  Perfect  11 

Gasoline,  Heat  Value  of 6 

Gasoline,  Chemical  Composition  of 2 

Gasoline  Combustion,  Temperature  of 17 

Gasoline,  Density  of • 3 
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Page. 
Gasoline  Mixtures,  Range  of  Inflammability  of 9 

Gasoline,  Products  of  Combustion  of 7 

Gasoline,  Vapor  Density  of 5 

Gasoline,  Viscosity  of 6 

Governor,  Gas  Inertia  Type 402 

Governor,  Hydraulic  Type 401 

Governor,  Marine  Tjrpe 400 

Governor  Springs,  Calculation  of 395 

Governor,  Vertical  Type 899 

Governors,  Centrifugal 395 

Governors,  Hunting  of 397 

Governors,  Types  of  Centrifugal 897 

Gravity  Peed 824 

Heat  Absorbed  by  Cooling  System,  Amount  of 468-520 

Heat  Absorption,  Reduction  of 522 

Heat  Discharged  with  Exhaust 520 

Heat  Value,  Higher,  Lower 8 

Heptane,  Properties  of 3 

Hexane,  Properties  of 3 

Holes  and  Drain  Plugs,  Filling 339 

Hookham  Joint 301 

Horse  Power  Formula 403 

Hospitaller  Manograph 531 

Hydraulic  Dynamometers   554 

Ignition  and  Combustion 21 

Ignition  and  Combustion  by  Manograph,  Studying 537 

Ignition  Points  in  Two  Stroke  Motors 456 

Indicators,  Piston  Type 631 

Inertia  Force,  Crank  Angle  Factor  of 49 

Inertia  of  Gases,  Effect  of 410 

Inlet  Manifold 860 

Inlet  Valves.  Automatic 239 

Inlet  Valves,  Ported 288 

Inspection  Hole  Covers 322 

Isothermal  Changes  of  State 11 

Jacket  Space,  Thickness  of 88 

Joule's  Equivalent  10 

Knight  Motor,  The 425 

Knight  Motor,  Test  Results  of 435 

Kramer  Governor 402 

Knocks,  Location  of 561 

Lanchester  Anti- Vibrator    67 

Lanchester  Vibration  Damper 72 

Late  Ignition  Shown  by  Diagrams 542 

Leather  Couplings   300 

Legros  Two  Stroke  Motor 460-463 

Lubrication  of  Two  Stroke  Motors 456 

Lubrication  of  V  Motors 341 

iClagneto  Bracket 321 

Manganese  Bronze,  Properties  of 305 

Manifold  JoinU   361 

Manograph,  The 531 

Manograph,  Construction  of 532 

Manograph  Diagram 539 
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Ifanograph,  Four  Cylinder 538 

Manograph,    Uae   of    539 

Manographs,    Quadruple    538 

Marmon   Oiling   System    327 

Mead  Rotary  Yalre  Motor  439 

Mean  Effective   Pressure 405 

Mechanical  EqulTalent  of  Heat  10 

Mechanical  Oilers  824 

M.   E.    P.    Curres 408 

Motor  Tests 529 

Motors,  Firing  Order  of  V  S66 

Motors,  Weight  of 423 

Motor,  The,  as  a  Brake  418 

Muffler,  Back  Pressure  of   371 

Muffler,  Baffle  Plate  Type  368 

Muffler,  Concentric  Cylinder  Type   . . . « 368 

Muffler   Design    .367 

Muffler,  Ejector  Type   870 

Muffler    Location    371 

Muffler    Outlet    371 

Muffler,  Small  Tube  Type 369 

Mushroom   Type   Cam   Follower    253 

Mushroom  Type  Cam,  Laying  out 252 

Mushroom  Cam,  Valve  Speed  and  Acceleration  with 253 

Offsetting,   Object   of    169 

OU   Circulation,   Throttle   Control   of    * 341 

Oil  Conduits,  Slxe  of  340 

OU   Distributor    339 

on   Drain   Plug    337-340 

Oil   Filling    Holes    340 

Oil    Grooves    330-348 

Oil    Guards     320 

Oil  Level  Gauge   337 

Oil  Pressure  Reguator   327 

Oil  Pump  and  Timer  Drive  302 

Oil  Pumps,  Types  of   332 

Oil   Pumping    162 

011  Splash  Trough,  AdJusUble   435 

Oil  Strainers   337 

on  with  Gasoline,  Mixing   33:i 

Otto   Cycle,   The    19 

Otto  Cycle,  Application  of  Formulae  to ^a 

Otto,  Dr.  N.  A.  19 

Overlapptaig  of  Bihaust  in  Six  Cylinder  Motor  365 

Packing  Ring  Arrangement  in  Knight  Motor  427' 

Panhard-Knight    Motor    426 

Pentane,  Properties  of   3 

Perfect   Gases    11 

Phase   Adjustment  of   Manograph 536 

Piston    Acceleration    43 

Piston    Bosses    146 

Piston    Design,   Sample    158 

Piston    Designs,    Special    ISy 

Piston,  Function  of  the   220 
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Piston,  Hour  GUn  Tme  162 

Pifton,  HydrauUcaUy  Porged  Steel  874 

Piston  Pin   142 

Piston  Pin  Besrlng  •.. 227 

Piston  Pin  Bearing  Bushing   228 

Piston  Pin,  Best  Location  of 155 

Piston  Pin,  CalcuUUon  of  , 144 

Piston  Frtction,  Effect  of  153 

Piston  Side  Ttirnst,  Distribution  of     154 

Piston  Pin  Fastened  In  Connecting  Eod 148 

Piston  WaUs»  Thickness  of   156 

Piston  Pins»  Locking   146 

Piston  PosltSns 40 

Piston  Preasurt;,  Components  of  49 

Piston,  Besultant  Pressure  on    46 

Piston  Blng  Blanks,  Dimensions  of  138 

Piston  Rings,   Forms  of    122 

Piston    Rings    Grinding    135 

Piston  Rings,  Hand  Fitting  of   137 

Piston  Rings,  Leakage  Around   122 

Piston   Rings,   Handling    142 

Piston  Rings,  Material  of  124 

Piston  Rings,  Manufacture  of  183 

Piston  Rings,  Number  and  Location  of  158 

Piston  Rings,  Peening  138 

Piston  Rings,  Pinning    142 

Piston  Rings,  Special   141 

Piston  Rings,  Stresses  in   125 

Piston  Rings,  Width  of 132 

Piston  Speed. and  Acceleration  in  Offset  Cylinders  172 

PUton    Valves    436 

Pistons,   Dto   Cast    162 

Plunger   Pump    335 

Port  Capacity,  Calculation  of 449 

Port  Dimensions,  Knight  Kngine 427 

Port   Opening   i.**ea    432 

Port  Opening  Integrals  453 

Port    Sises 448 

Power  Indicate*-.  The   529 

Power  from  QlTcn  Cylinder  Yolumo  ^ 416 

Power   OutpiN 403 

Power  Output  of  Two  Stroke  Motor 462 

Power  Output,  Surpoean  Data  on  404 

Power  Tests  of  Motor  558 

Prelgnltion  Shown  by  Diagram   542 

Pressure  Variation  in  Cylinder   23 

Proportion   of  OU  to  Gasoline  Used    457 

Prony  Brake,  'fhe 544 

Pump  Bracket   821 

Pumps.  Water   508 

Pump   Dimensions,    Water    512 

Pump  Construction,  Details  of 514 

Pump    Drive     516 

Pump  Impeller,  Vane  Angles  of  .  510 
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Pump  for  y  Motors,  Double 517 

Pu2ih  Rod  Guides.  Yoke  Retainers  for 274 

Puish   Rods,    Adjustment  of 274 

Pu!>h  Rods.  Design  of 274 

Radiating  Surface  in  Air  Cooled  Motors 623 

Radiators,   Capacity  of  Cellular 472 

Radiators.   Cellular  Type 473 
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